Leaf age heterogeneity among selected Populus clones: 1 Influences on feeding and oviposition preferences of adult Chrysomela scripta F (Coleoptera: Chrysomelidae): 2 Correlations of preferences with foliar phenolic glycoside profiles by Bingaman, Barbara Ruth
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1991
Leaf age heterogeneity among selected Populus
clones: 1 Influences on feeding and oviposition
preferences of adult Chrysomela scripta F
(Coleoptera: Chrysomelidae): 2 Correlations of
preferences with foliar phenolic glycoside profiles
Barbara Ruth Bingaman
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Ecology and Evolutionary Biology Commons, Entomology Commons, and the
Environmental Sciences Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Bingaman, Barbara Ruth, "Leaf age heterogeneity among selected Populus clones: 1 Influences on feeding and oviposition preferences
of adult Chrysomela scripta F (Coleoptera: Chrysomelidae): 2 Correlations of preferences with foliar phenolic glycoside profiles "
(1991). Retrospective Theses and Dissertations. 9922.
https://lib.dr.iastate.edu/rtd/9922
MICROFILMED 1991 
INFORMATION TO USERS 
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 
University Microfilms International 
A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 

Order Number 0126170 
Leaf age heterogeneity among selected Populus clones: 
1. Influences on feeding and oviposition preferences of adult 
Chrysomela scripta F. (Coleoptera:Chrysomelidae). 2. Correlations 
of preferences with foliar phenolic glycoside profiles 
Bingaman, Barbara Ruth, Ph.D. 
Iowa State University, 1991 
U M I  
SOON.ZeebRd. 
Ann Aitor, MI 48106 

Leaf age heterogeneity among selected Populus clones: 1. Influences 
on feeding and ovlposition preferences of adult Chrvsomela scripta F. 
(Coleoptera: Chrysomelidae). 2. Correlations of preferences with 
foliar phenolic glycoside proflles. 
by 
Barbara Ruth Bingaman 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major: Entomology 
Approved: Members of the Committee: 
In^hargff of Major Work 
For the Majér Department 
Fo^^e Graduate College 
Iowa state University 
Ames, Iowa 
1991 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
11 
TABLE OF CONTENTS 
Page 
INTRODUCTION 1 
Explanation of Thesis/Dissertation Format 2 
LITERATURE REVIEW 4 
Populus 4 
Description and distribution 4 
Reproduction and propagation 9 
Poplars in short rotation woody crops plantings 13 
Coleoptera: Chrysomelidae 23 
The Cottonwood Leaf Beetle 24 
Biology and life history 24 
Chemical defensive system 31 
Population biology and management 
considerations 35 
Cottonwood leaf beetle feeding and oviposition 
preferences 39 
Host Selection Behavior 42 
Selection behavior of herbivores 42 
Secondary plant substances 50 
Phenolics 56 
Phenolic glycosides 59 
Phenolic glycosides and host plant selection 63 
Ill 
PART I. FEEDING AND OVIPOSITION PREFERENCES 67 
OF ADULT COTTONWOOD LEAF BEETLES 
AMONG POPULUS CLONES AND LEAF AGE 
CLASSES 
INTRODUCTION 68 
MATERIALS AND METHODS 74 
RESULTS 82 
Feeding Preferences 82 
Ovlposition Preferences 105 
DISCUSSION 111 
Clonal Preferences for Feeding 111 
Clonal Preferences for Ovlposition 113 
Leaf Age Preferences for Feeding 114 
Leaf Age Preferences for Ovlposition 116 
Host Plant Selection Behavior 116 
LITERATURE CITED 123 
PART II. CORRELATIONS BETWEEN FOLIAR 130 
PHENOLIC GLYCOSIDE PROFILES OF 
SELECTED POPULUS AND HOST 
SELECTION BEHAVIOR OF ADULT 
COTTONWOOD LEAF BEETLES 
INTRODUCTION 131 
MATERIALS AND METHODS 141 
RESULTS 147 
DISCUSSION 157 
LITERATURE CITED 165 
iv  
GENERAL SUMMARY 173 
LITERATURE CITED 176 
ACKNOWLEDGMENTS 197 
V 
Table 1. 
Table 2. 
Table 3. 
Table 4. 
Table 5. 
Table 6. 
LIST OF TABLES 
Page 
PART 1 
Randomized complete block tests for the 83 
total leaf area eaten data (TOTETN) from 
the multiple-choice tests with degrees of 
freedom, sum of squares, mean squares, 
F-values, and probabilities of greater F-values 
Mean total leaf areas eaten (TOTETN) for all 84 
clones from the multiple-choice tests by leaf 
age (LPI) (areas in mean ± SEM mm2) (n= 72 
for each LPI for each clone) 
Randomized complete block tests for the 85 
percent leaf eaten data (PCTETN) from the 
multiple-choice tests with degrees of freedom, 
sum of squares, mean squares, F-values, and 
probabilities of greater F-values 
Mean total leaf areas in mm^ ± SEM for all 86 
clones from the multiple-choice tests by leaf 
age (LPI) (n=72 for each LPI for each clone) 
Analysis of variance for total leaf area eaten 88 
data (TOTEH'N) from multiple-choice tests 
including degrees of freedom, conservative 
degrees of freedom (Cdf), sum of squares, 
mean squares, F-values, and probabilities of 
greater F-values 
Analysis of variance for percent leaf area eaten 89 
data (PCTETN) from multiple-choice tests 
including degrees of freedom, conservative 
degrees of freedom (Cdf), sum of squares, 
mean squares, F-values, and probabilities of 
greater F-values 
vi  
Table 7. Mean percent leaves eaten (PCTETN) for all 
clones from multiple-choice tests by leaf age 
(LPI) (areas in mean % ± SEM) (n=72 for each 
LPI for each clone) 
Table 8. Randomized complete block tests for the 
total leaf area eaten data (TOTETN) from 
the no-choice tests with degrees of freedom, 
sum of squares, mean squares, F-values, and 
probabilities of greater F-values 
Table 9. Randomized complete block tests for the 
percent leaves eaten data (PCTETN) from 
the no-choice tests with degrees of freedom, 
sum of squares, mean squares, F-values, and 
probabilities of greater F-values 
Table 10. Analysis of variance for total leaf area eaten 
data (TOTETN) from no-choice tests including 
degrees of freedom, conservative degrees of 
freedom (Cdf), sum of squares, mean squares, 
F-values, and probabilities of greater F-values 
Table 11. Analysis of variance for percent leaves eaten 
data (PCTETN) from no-choice tests including 
degrees of freedom, conservative degrees of 
freedom (Cdf), sum of squares, mean squares, 
F-values, and probabilities of greater F-values 
Table 12. Mean total leaf areas eaten (TOTETN) for all 
clones from the no-choice tests by leaf age 
(LPI) (areas in mean ± SEM mm^) (n=24 for 
each LPI for each clone) 
Table 13. Mean total leaf areas in mm^ ± SEM for all 
clones from no-choice data by leaf age (LPI) 
(n=24 for each LPI for each clone) 
Table 14. Mean percent leaves eaten (PCTETN) for all 
clones from the no-choice tests by leaf age 
(LPI) (areas in mean % ± SEM (n=24 for each 
LPI for each clone) 
Page 
90 
95 
96 
97 
98 
99 
101 
102 
vii  
Table 15. Number of egg masses for all clones from the 
multiple-choice tests by leaf age (LPI) 
Table 16. Number of egg masses for all clones from the 
no-choice tests by leaf age (LPI) 
Page 
106 
108 
PART II 
Table 1. Mean concentrations of Salicin in mg/g dry 152 
leaf tissue ± SEM for LPI 3 and LPI 12 for all 
seven Populus clones 
Table 2. Mean concentrations of Salicortin in mg/g dry 153 
leaf tissue ± SEM for LPI 3 and LPI 12 for all 
seven Populus clones 
Table 3. Mean concentrations of Tremulacin in mg/g 154 
dry leaf tissue ± SEM for LPI 3 and LPI 12 for 
all seven Populus clones 
Table 4. Comparisons of the concentrations (in the LPI 160 
3 leaves) of salicin, salicortin, and tremulacin 
among the clones (highest to lowest levels) 
and the feeding and oviposition preferences of 
adult Cottonwood leaf beetles (most preferred 
to least preferred 
vii i  
LIST OF FIGURES 
PART I 
Page 
Figure 1. Mean total leaf areas eaten (TOTETN) for 91 
all clones from the multiple-choice tests 
by leaf age (LPI) (areas in mean ± SEM mm^) 
(n=72 trees for each LPI for each clone) 
Figure 2. Mean total percent leaf areas eaten 92 
(PCTE)TN) for all clones from the multiple-
choice test by leaf age (LPI) (areas in mean 
% ± SEM) (n=72 trees for each LPI for each 
clone) 
Figure 3. Mean total leaf areas eaten (TOTE}TN) for 103 
all clones from the no-choice tests by 
leaf age (LPI) (areas in mean ± SEM mm^) 
(n=72 trees for each LPI for each clone) 
Figure 4. Mean total percent leaf areas eaten 104 
(PCTE)TN) for all clones from the no-choice 
tests by leaf age (LPI) (areas in mean % 
± SEM) (n=72 trees for each LPI for each 
clone) 
PART II 
Figure 1. Absorbance curve for salicin (salicin 148 
concentration = - 0.1086 + 0.0019 x 
peak area) 
Figure 2. Absorbance curve for salicortin (salicortin 149 
concentration = 0.1488 + 0.0025 x peak 
area) 
Figure 3. Absorbance curve for tremulacin (tremulacin 150 
concentration = - 0.0888 + 0.0015 x peak 
area) 
1 
INTRODUCTION 
The Cottonwood leaf beetle, Chrvsomela scripta F., (Coleoptera: 
Chrysomelidae is a serious pest of Populus grown in short rotation 
woody crops plantations in North America (Burkot & Benjamin 1979, 
Wilson 1979, Harrell 1980). This defoliating pest is a multivoltine 
species whose population levels can build to epidemic numbers 
quickly under optimum conditions. The potential for severe damage is 
especially high in the establishment years of a plantation (first 1-3 
years) because young Populus. have a large proportion of succulent, 
nutritious tissues. Monoculutural stands of host plants provide 
optimum conditions for the development of epidemic pest populations 
(Tahvanainen & Root 1972, Stanton 1983, Faeth 1987, Risch 1987). 
A valid management option for this beetle is the planting of 
Populus that exhibit natural resistance. A wide range of resistance has 
been reported within the genus for both feeding and oviposition 
(Oliveria & Cooper 1977, Caldbeck et al. 1978, Wilson 1979,. Harrell 
1980, Harrell et al. 1981, Moore & Wilson 1983, Haugen 1985). 
The nature of this resistance, however, has not been studied. 
Some closely related species of Chrysomelids seem to select Salix on 
the basis of the composition and concentration of a specific type of 
plant chemicals, phenolic glycosides (Deroe & Pasteels 1982, Rowell-
Rahier & Pasteels 1982, Smiley et al. 1985, Tahvanainen et al. 1985). 
Phenolic glycosides in the foliar chemical profile may vary both 
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qualitatively and quantitatively with the age of the foliage (Palo 1984, 
Rowell-Rahier 1984a, Lindroth et al. 1987a). 
The purpose of this study was to further define the feeding and 
oviposition preferences of adult beetles both among selected Populus 
and among leaf age classes. After these preferences were established 
an examination of the phenolic glycosides in the most preferred and 
least preferred clones and leaf age classes could then be undertaken. 
Both multiple-choice and no-choice preference tests were conducted 
under controlled conditions. High performance liquid 
chromatography was employed to analyze the foliar phenolic 
glycosides. The composition and concentration of three glycosides 
were assessed in relationship with the adult preferences to determine 
possible correlations. 
Explanation of Thesis/Dissertation Format 
The alternative thesis/dissertation format was chosen because 
this research consisted of two studies that were closely related but 
would be submitted for publication as two separate papers. The 
alternative format was therefore more suitable. Parts I and II of the 
dissertation each represent material that was included in a 
manuscript. 
The style used for the bibliography and bibliographic citations 
within the text is from "Publications Policies and Guide for Authors", 
3rd edition, published by the Entomological Society of America. This 
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style was chosen because the two manuscripts will be submitted to 
Journals that adhere to these guidelines. 
The research included in this dissertation was conducted with 
the guidance and assistance of Dr. E. R. Hart, Department of 
Entomology. He will be listed as second author on the manuscripts. 
4 
LITERATURE REVIEW 
Pgyyiys 
Description and distribution 
The genus Populus (Salicales: Salicaceae) (Smith 1977) contains 
the cottonwoods, poplars, and aspens and, with the exception of one 
African species, is of Holarctic distribution (FAO 1979). Populus is 
divided into five sections: Turanga, Leucoides, Leuce, Tacamahaca, 
and Aigeiros. The number of recognized species varies considerably 
depending upon the authority, having been reported as 30 species 
(Dickmann & Stuart 1983), 3 species (Sargent 1965), 35 species 
(Preston 1976), or 40 species (Ellas 1980). The number of species 
that occur in North America is also subject to interpretation, reported 
as 8 species (Dickmann & Stuart 1983), 9 species (Powells 1965), 10 
species (Preston 1976), or 13 species (Ellas 1980). In addition, 
several natural hybrids are found in North America (Powells 1965, 
Preston 1976, Ellas 1980). 
Populus species are predominately dioecious, having the male 
and female flowers in separate hanging catkins that bloom In the 
spring before the leaves unfold. The fruiting capsules mature in late 
spring and the fruit is composed of numbers of small rounded or egg-
shaped capsules In which minute seeds with long cottony hairs are 
contained. 
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The leaves are simple, stipulate, and alternate In arrangement. 
They are usually broadest near the base (cordate, obtuse, or acuminate) 
and range in shape from oblong (ovate or lanceolate) to heart-shaped 
(cordiform). Poplars demonstrate foliar polymorphism, with leaf 
shape varying according to shoot type or to linear placement on the 
shoot (FAO 1979). The leaf edges are toothed (serrate) or lobed 
(crenate) and some species have long, slender, flattened petioles, 
allowing for the characteristic quaking of the leaves in a breeze. The 
winter buds are either resinous or nonresinous, depending on the 
species. Populus species are characterized by their rapid growth 
rates, short life span, and intolerance to shading (McKnight 1970, 
Dickmann & Stuart 1983). 
Reproduction is by sexual and asexual methods. Most species 
produce abundant amounts of seed and can propagate vegetatively by 
stump sprouts. Some species will also reproduce from root sprouts. 
Two of the five sections of Populus have little or no importance 
in the development of commercial selections. The single species in 
the section Turanga does not occur in North America nor is it used in 
breeding programs. The swamp cottonwood, P. heterophylla L., from 
the section Leucoides, is native to North America but it is not of 
economic importance. The three sections Leuce, Tacamahaca, and 
Aigeiros contain species of potential economic significance in North 
America are 
The section Leuce includes the aspens and white poplars. Two 
species are native to North America, the quaking aspen, P. 
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tremuloldes Michx., and the bigtooth aspen, £. grandldentata Michx. 
Natural and planted stands of quaking aspen, are found throughout the 
northeastern, north central, and western United States. The natural 
range of this aspen also extends transcontinentally across Canada and 
into Alaska (Powells 1965). This is a pioneer species that readily 
colonizes sites following disturbances. Quaking aspen grows in many 
diverse soil types, but the highest growth rates occur in individuals 
growing in rich, porous soils. Variation within the species is present 
and clonal variation is common (Barnes 1969). 
The natural range of P. grandldentata extends throughout the 
northeastern United States, across Nova Scotia and Manitoba, south 
through the north central United States, and eastward into North and 
South Carolina (Sargent 1965). Optimal growth for this species is 
attained in well-drained sandy soils usually along streams, lakes, or 
swamp borders. It is an especially intolerant species and will 
reproduce only if there is no overstory competition. 
The white poplar, P. alba L., is not native to North America but 
was introduced as an ornamental and has become established in many 
areas, in some as a natural hybrid with native aspens (Powells 1965, 
Dickmarm & Stuart 1983). Its natural range is northern Africa, 
southern Europe, and central Asia. White poplar grows well on a wide 
range of site types. 
Trees from the section Tacamahaca are collectively termed 
balsam poplars and have a native range covering the northern latitudes 
of the world. Three species are native to North America. The balsam 
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poplar, £. balsamlfera L., occurs transcontlnentally from the eastern 
regions of Canada and the northern states of the United States 
westward to Alaska. Optimum growing conditions are found in 
northwestern Canada, where this poplar thrives in the deep, moist 
sandy soils of river-bottoms, stream banks, and borders of lakes and 
swamps (Elias 1980). This is a pioneer species and readily invades 
disturbed areas through root suckering and seeding. 
The black cottonwood, P. trlchocarpa Ton*, and Gray, is native to 
the Pacific coast from northern California to Alaska, and its range 
extends eastward into Idaho and Montana. This species is the largest 
of the American poplars and individuals attain their highest growth 
potential in the Puget Sound area at low elevations on deep river soils 
(Fowells 1965, Elias 1980). Black cottonwoods have high growth 
potential and are easily rooted (Weber et al. 1984). They are, however, 
quite susceptible to frost damage that causes cracking or mortality 
(Fowells 1965). 
The third native Tacamahaca species, the narrow-leaved 
cottonwood, P. angustifolla James, is found in the Roclqr Mountain 
region. Its range extends from the Sonoran Desert in Mexico 
northward to southern Alberta, Canada (Elias 1980). It occurs along 
mountain streams and in moist upland meadows. 
Three additional Asian Tacamahaca species have been 
introduced into North America and are used extensively in tree 
breeding programs. Japanese poplar, P. maxlmowiczii Henry, 
Himalayan balsam poplar, P. tristis Fisch, and Asian poplar, P. laurifolia 
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Ledeb., are being used in tree improvement programs (Dickmann & 
Stuart 1983). 
The most familiar North American species in the section 
Aigeiros is the eastern cottonwood, E. deltoides Bartr. var deltoides. 
This species is distributed over the eastern one-half of the United 
States and southern Canada. The eastern cottonwood is considered to 
be the fastest growing native tree in North America (Dickmann & 
Stuart 1983). On the best sites in the Mississippi River Delta, annual 
height growth can average over 4 m/yr for the first few years 
(Dickmann & Stuart 1983). This species is usually associated with 
bottomlands, alluviums, and riparian zones. Eastern cottonwood will 
grow almost anywhere, but for maximum growth potential to be 
achieved abundant moisture throughout the season is important. 
Eastern cottonwood is quite Intolerant of competition but it does 
respond positively to release (Powells 1965). Five natural varieties of 
North American eastern cottonwood have been proposed: angulata, 
missouriensis, monilifera, pilosa, and occidentalis (Dickmann & Stuart 
1983). 
Another Aigeiros species, P. fremontii Wats., occurs in the 
southwestern regions of the United States. This species is adapted to 
growing in arid zones. 
The black poplar, P. nigra L., is an exotic Aigeiros species whose 
native range is widespread in Eurasia. It has been introduced into 
North America and used in many poplar culture programs as a parent 
of hybrid crosses. 
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Reproduction and propagation 
Populus selections are especially well suited for woody crops 
plantations because of their ability to reproduce readily by asexual or 
vegetative methods. All species will sprout from stump or root collars, 
so a method of coppice regeneration can be employed. Species from 
the Leuce section will reproduce via root sprouts arising from buds on 
the shallow lateral roots (Powells ig65, Dickmann 1975, Dickmann & 
Stuart 1983). Many species from the Leuce, Tacamahaca, and Aigeiros 
can be reproduced from hardwood cuttings taken from dormant stem 
sections (Powells 1965, McKnight 1970, Dickmann & Stuart 1983). 
Softwood cuttings taken from actively growing, green stems of various 
species from these three sections also root readily (Dickmann & 
Stuart 1983, Faltonson 1983, Paltonson et al. 1983, Hall et al. 1990). 
Some species can be propagated by root cuttings (Powells 1965, Zsuffa 
1976, Hall et al. 1990). In addition, some Populus can be grown from 
tissue culture (Hall et al. 1990). 
Black Cottonwood exhibits a form of asexual reproduction that is 
unique within the genus. The lateral twigs naturally abscise (a 
phenomenon termed cladoptosis) and, with the leaves still attached, 
the shed twigs root and produce new plants (Dickmann & Stuart 
1983). 
Populus species hybridize both spontaneously and artificially 
(Powells 1965, Dickmann & Stuart 1983, Weber et al. 1984, Stettler 
et al. 1988). Most species show a wide degree of genetic variation that 
makes them well suited for tree improvement breeding programs. 
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The introduction of exotic species has also served to widen the 
genetic base (Weber et al. 1984, Heilman & Stettler 1985, Stettler et 
al. 1988). Both intra- and intersectional hybrids have been reported, 
either occurring naturally or produced through breeding programs. 
The objective of most breeding programs has been to produce F1 
hybrids that theoretically may exhibit hybrid vigor (Dickmann & Stuart 
1983, Cain & Ormrod 1984, Weber et al. 1984, Heilman & Stettler 
1985). 
Euramericana hybrids (intrasectional Aigeiros crosses of P. 
deltoïdes and P. nigra) have been produced naturally since American 
poplars were introduced into Europe in the early 1700's. Breeding 
programs on both continents have produced a number of new clones 
through natural and artificial pollination (FAO 1979, Steenackers et al. 
1990). Euramericana selections have been examined in growth 
performance studies by various researchers and some exhibit superior 
growth characteristics when compared to both parent species (Pieters 
1983, Cain & Ormrod 1984, Michael etlal. 1988). 
Hybrids within the Leuce section have also been noted. The gray 
poplars, P. X canescens. consist of natural and artiflcal hybrids from a 
cross with P. alba and P. tremula (Dickmann & Stuart 1983). These 
hybrids have been used in breeding programs with other species from 
the Leuce section to produce multiple crosses. Naturally occurring 
hybrids of P. grandldentata and P. alba have been reported from various 
locations. One of these crosses, NC-5339, has been used in pest 
screening and clonal performance testing by various researchers 
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(Wilson 1979, Moore & Wilson 1983, Harrell et al. 1981, Haugen 
1985). 
Hybridization within the Tacamahaca section also occurs. One 
hybrid, £. tristis x P. balsamifera. Tttstis #1, has been used in short 
rotation plantings and insect and disease screening experiments 
(Burkot 1978, Harrell 1980, Harrell et al. 1981, Dickmann & Stuart 
1983, Haugen 1985). 
Intersectional hybrids have been produced both spontaneously 
and through artificial breeding methods (Dickmann & Stuart 1983). 
The Jackii poplars include crosses of P. balsamifera with P. deltoïdes 
and P. tremuloides. The Interamerican poplars are crosses of P. 
trichocarpa and P. deltoides. Various selections of Interamerican 
crosses have been evaluated in short rotation plantings and have 
shown superior growth performance and biomass production that have 
been interpreted as hybrid vigor (Heilman & Stettler 1985, Stettler et 
al. 1988, Steenackers et al. 1990). 
Growth and development studies have been conducted for many 
poplar clones, selections, and hybrids because they exhibit growth 
habits that make them ideally suited as subjects for physiological and 
developmental studies. In addition to their ease of propagation and 
rapid growth rates, Populus have an indeterminate growth pattern and 
produce new leaves quickly (Stettler et al. 1988, Ceulemans 1990). It 
has been determined that leaves of Populus are initiated at a uniform 
rate (Larson & Isebrands 1971). The time interval between the 
initiation of two consecutive leaves on a shoot apex is termed the 
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plastochron (Larson & Isebrands 1971). The leaf plastochron index 
was developed so the concept of the plastochron could be expanded to 
assign a developmental age to each leaf on a stem (Erickson & 
Michelini 1957). The basic assumption for using the index is that the 
development of a plant represents a continuous and constant process, 
and this holds true for leaves within the developing leaf zone for 
cottonwoods (Larson & Isebrands 1971). By employing this method it 
is possible to directly relate an easily measurable anatomical 
characteristic (leaf lamina length) to the physiological and 
morphogenetic development of a leaf (Larson & Isebrands 1971, 
Ceulemans 1990). The smallest measurable leaf that is exhibiting 
maximum leaf expansion is determined by plotting leaf lamina length 
over time and is designated the index leaf (Larson & Isebrands 1971). 
The lamina length of the index leaf is species specific and for the 
poplars that have been examined (trees grown from cuttings), the 
index leaf blade is 3.0 cm long (J. D. Isebrands, U. S. Dept. Agric. 
Forest Service, Forest Sciences Lab, Rhinelander, WI, personal 
communication). Beginning at the index leaf (LPI 0) each consecutive 
leaf on a stem can be assigned an LPI by counting down the stem from 
the apex to the base (Erickson & Michelini 1957). Leaves younger 
than the index leaf have negative numbers and those older have 
positive numbers. 
An approximation of the morphological and physiological state of 
a Populus leaf can be made by relating the plastochron index to the 
results of developmental studies (Larson & Isebrands 1971). Plant 
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characteristics such as leaf fresh weight, size, expansion, 
vascularization, photosynthetic rate, chlorophyll content, and oxygen 
uptake have been studied in relationship to the leaf plastochron index 
(Erickson & Michelin! 1957, Michelini 1958, Dickmann 1971, Larson 
& Isebrands 1971, Jsebrands & Larson 1973, Larson & Dickson 1973, 
Dickson & Larson 1975, Larson & Pizzolato 1977, Isebrands & Larson 
1980). 
Poplars in short rotation woodv crop plantings 
The optimum theoretical model or ideolype of a tree species 
suitable for intensive cultivation has been proposed (Dickmann 1985). 
The species should exhibit rapid Juvenile growth rate, indeterminate 
growth characteristics, upright growth habit, ease of establishment 
and regeneration, and wood properties that make it marketable 
(Dickmann 1985). The growth characteristics of Populus. especially 
the ability to produce large quantities of wood for fiber and other 
products over short rotations, make them prime candidates for 
plantation systems. Blomass yields ranging from 7.8 to 10.7 metric 
tons/ha were obtained from plantings of four hybrid poplar clones in 
Michigan when the trees were harvested after their second year of 
growth (Dickmann et al. 1979). The trees in this plantation reached 
up to 3.2 m height and 3.1 cm stem diameter. Black cottonwood 
hybrids grown in the Pacific Northwest produced as much as 27.8 dry 
megagrams/ha/y (Heilman & Stettler 1985). A cottonwood native to 
the Great Plains produced 11.8 Mg/ha/y in the fifth growing season of 
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a series of spacing trials (Geyer 1989). In another planting this same 
Cottonwood reached a height of 8.1 m and a diameter of 10.7 cm after 
four years (Geyer et al. 1985). In Alaska, woody biomass production 
from a planting of a native P. trlchocarpa clone was 5 tons/ha/y 
(Cannell et al. 1988). The average height of 1 yr-old eastern 
Cottonwood trees grown in Mississippi was 3.6 m and the diameter 
2.6 cm. Biomass production in this planting was 2,420 kg/ha of above-
ground dry matter (Baker & Blackmon 1977). An individual 
Cottonwood tree grown in Mississippi had a first-year growth of 5.8 m 
and the average height growth for the entire stand was 4.1 m 
(Maisenhelder 1960). Trees exhibited growth rates only slightly 
reduced from these levels over a growth period of 25-30 y. During the 
first 20 years of growth, annual growth rates of 2.5 cm in diameter and 
1.5 m in height have been recorded for balsam poplars (Dickmann & 
Stuart 1983). Four-year height growths for Populus hybrids and 
selections grown in Washington ranged from 4.66 m to 11.27 m and 
diameters ranged from 2.95 cm to 11.57 cm (Stettler et al. 1988). 
The wood of poplars is light in weight, light colored, and 
uniform in texture. These properties make the product very suitable 
for the pulp-and-paper industry (Dickmann & Stuart 1983, Ceulemans 
1990). The wood is also appropriate for the manufacture of excelsior 
and some kinds of composition board, waferboard, and strandboard 
(Dickmann & Stuart 1983, Bryson 1989). Chipped wood from 4- to 6-
yr-old poplars can be used to produce flakeboard. Saw timber and 
lumber can be used in the production of furniture, construction. 
15 
packaging crates, and boxes (Ceulemans 1990). Veneers, matches, 
and plywood can be manufactured from poplar bolts. Another possible 
usage of poplar wood Is as an energy source. The blomass can be 
burned directly or converted to liquid or gaseous fuels (Dickmann & 
Stuart 1983). 
Cottonwoods and poplars , however, are considered by some 
researchers to be prima donna' trees (McKnlght 1970). Their 
amazing growth potential can only be realized if the plantings receive 
the proper extensive silvicultural treatments. Growing conditions are 
especially critical during the establishment years of the plantation (the 
first 1-3 y). Populus species are demanding of their site, extracting 
water and nutrients from the soil at a rapid rate (Dickmann 1979). 
The selection of a proper site for a short rotation planting therefore is 
very important. During site selection, soil factors such as depth, 
fertility, texture, pH, moisture, and aeration should be considered 
(McKnlght 1970, Dickmann 1979). Poplars will grow most rapidly on 
soil that is medium textured and unhindered by bedrock, hardpan, or 
other obstructions so that the roots can penetrate to at least 1 m 
(Woods et al. 1982). If the nutrient content of the soil is not high, 
supplemental fertilizer should be used (McKnlght 1970). Optimum 
pH for a site is within a range of 5.5 to 7.5. Poplars are hygrophllous 
species and can grow equally well on either upland or bottomland sites 
if the soil moisture and the drainage are adequate (Dickmann & Stuart 
1983). The proper soil texture (without compaction) is necessary to 
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ensure proper drainage because poplars are characterized by a high 
rate of root respiration (FAO 1979). 
Silvicultural practices must also be employed to guarantee 
maximum growth within a short rotation planting (Maisenhelder 
1960, Ranney et al. 1987). Site preparation may be necessary to 
improve the soil texture for better drainage (McKnight 1970, Wilson 
1976). Measurable differences in both height growth and the pest 
incidence can be related to the soil texture and drainage within a 
planting (Woods et al. 1982). Tilling the soil early in the growing 
season can increase tree survival, growth and biomass production 
significantly (Akinyemiju & Dickmann 1982). Because poplars are very 
shade intolerant, weed competition must be removed through 
mechanical or chemical methods (McKnight 1970, Heiligmann 1975, 
Ranney et al. 1987). Fertilization may be required to supplement sites 
that are nutrient poor (McKnight 1970, Wilson 1976, Dickmann 1979, 
Zavitkovski 1979). The application of supplemental nitrogen to a 
planting of 4 y cottonwoods resulted in a 33% increase in diameter 
growth as compared to unfertilized trees (Blackmon 1977). Proper 
spacing is important because it has been directly correlated with 
growth rates, biomass production, weed control, and pest suppression 
within plantings (Bowersox & Ward 1976, Wilson 1976, Dickmann 
1979, Heilman & Ekuan 1979, Krinard 1979, Krinard & Johnson 
1980, Heilman & Peabody 1981). Wider spacing and/or thinning can 
result in thicker branches and may also Increase root surface area 
(Dickmann 1979). Irrigation may also be required to meet the water 
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requirements of poplars on some sites. The application of 
supplemental water is associated with increased biomass accumulation 
in some short rotation plantings and an increased resistance to pests 
(Wilson 1976, Zavitkovski 1979, 1982). 
Protection of a poplar plantation is vital. Over 150 species of 
insects have been reported infesting poplars, but most of these are 
subeconomic pests (Wilson 1976, 1979). The nature of a short 
rotation woody crops planting creates an ecosystem in which there is 
a high potential for pest populations to reach outbreak levels. Not 
unlike agroecosystems, short rotation plantings are more susceptible 
to pest problems because the natural interactions among plant and 
animal species have been disrupted (Wilson 1976, McNabb et al. 
1982). Properties of short rotation plantings such as the uniformity of 
the trees with regard to species, size, age, and spacing, and the 
similar genetic composition may predispose the stand to pests and 
pathogens (Dickmann & Stuart 1983). 
Numerous studies have shown that plants grown in dense, 
monocultural plantings (such as short rotation plantations) are less 
resistant to herbivorous insects. Theories concerning the regulation 
of natural populations can be classified into the biotic, climatic, 
comprehensive, and self-regulation schools of thought (Barbosa & 
Wagner 1989). 
Ecologists supporting the biotic school propose that insect 
populations will remain near the equilibrium level because of 
interactions between density dependent factors (parasites, pathogens. 
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predators, and food quantity) and density independent factors 
(environmental conditions) (Milne 1962, Barbosa & Wagner 1989). 
Proponents of the climatic school contend that natural population 
fluctuations are in response to weather patterns (Wellington 1952, 
Barbosa & Wagner 1989). The comprehensive theory proposes that 
population levels are directly influenced by other animals, pathogens, 
weather, environment, and food availability (Andrewartha & Birch 
1954, Barbosa & Wagner 1989). Intrinsic rather than extrinsic factors 
work through a feedback system that limits population growth 
according to followers of the self-regulation school (Pimentel 1961, 
Barbosa & Wagner 1989) 
In monocultural ecosystems, however, the factors suppressing 
herbivorous Insect populations do not exert the same degree of 
control. Many theories have been proposed to explain this 
phenomenon (Tahvanainen & Root 1972, Root 1973, Risch 1987, 
Stanton 1983). 
The enemies hypothesis proposes that within diverse 
ecosystems the population of natural enemies is enhanced and is 
better able to control herbivore population levels. Vertical 
interactions among the herbivores and the natural enemy complex 
suppress pest numbers below outbreak levels in diverse areas (Root 
1973, Risch 1987). Larger numbers of natural enemies can be 
supported in diverse ecosystems than in monocultural ecosystems 
because of the presence of more ground cover, a wider variety of 
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potential prey species, and more favorable conditions for growth, 
reproduction, and survival. 
The population levels of herbivores within concentrated stands 
of their host plants will be higher because of the lack of diversity in 
plant species according to the resource concentration theory (Root 
1973). Higher population levels may be attributed to factors 
concerning the reproductive behavior, survival, and growth potential 
of the insects. Immigration of herbivores into a stand of their host 
plants should be higher than into a stand with diverse plant species. 
The emigration from host plant stands should also be less and the 
insects should exhibit increased reproductive activity In monocultural 
stands because of increased intraspecies interactions (Risch 1987). 
The theory of associational resistance suggests that the degree of 
susceptibility of a plant may increase as a result of the proximate 
location of other acceptable host plants (Tahvanainen & Root 1972). 
The host selection behavior of herbivores may be disrupted in a 
diverse ecosystem because the presence of nonhost plant species may 
dilute or mask visual and chemical stimuli (Tahvanainen & Root 1972). 
The presence of a dense stand of host plants seems to have a 
positive Influence on the host selection behavior of herbivores. Within 
a concentrated stand vertical interactions among herbivores and their 
host plants favor the buildup of larger populations of herbivores than 
would occur within diverse areas (Ferro 1987, Risch 1987). Factors 
such as foliage colors, plant shapes, and plant odors within a 
monocultural planting could provide enhanced visual, phototactic. 
20 
anemotactic, geotactic, and chemosensory cues during the long-range 
searching behavior of insects (Ferro 1987, Risch 1987). At closer 
range, the volatile chemicals within a monocultural planting would be 
more concentrated. More herbivorous insects may also orient towards 
a monocultural area of host plants than a diverse area because of the 
lack of negative chemical cues (Tahvanainen & Root 1972). 
Food quality and quantity are considered to be important factors 
for the maintenance of herbivore populations (Stanton 1983, Faeth 
1987). The risk of starvation for insect stages with limited mobility 
would be expected to decrease within concentrated areas of host 
plants thus increasing the insect's biotic potential (Stanton 1983). 
Dramatic rises in pest population levels could also be a result of a 
reduction in the dispersal rates of pests from a host plant stand and 
the decrease in natural enemy populations. 
Especially in the establishment years of a Populus planting (the 
first 1 to 3 y) the large proportion of stem and leaf tissue that is 
succulent and nutritious provides an optimal food source for many 
species of herbivores. Defoliating insects have the potential to cause 
heavy damage to young trees because their feeding removes 
photosynthetic tissues, carbohydrates, and nutrients stored in the 
leaves (Kulman 1971, Mattson & Palmer 1988, Tuomi et al. 1988a). 
Partial or complete defoliation can modify the plant carbon/nutrient 
balance that will affect the growth of the plant (Kulman 1971, Tuomi 
et al. 1988a). Numerous studies have established that complete 
defoliation of hybrid poplars significantly reduces height growth, radial 
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growth, and volume (Kulman 1971, Abrahamson et al. 1977, Solomon 
1985). Extensive defoliation and terminal removal resulting from an 
Infestation of the cottonwood leaf beetle, Chrvsomela scripta F.. in a 
Mississippi plantation caused a 23% reduction in growth rates 
(Abrahamson et al. 1973). In a Wisconsin study, defoliation levels of 
75% to 80% on first-year poplars resulted in a 20% biomass 
reduction, while levels of 40% caused negligible growth impact 
(Bassman et al. 1982). Partial simulated defoliation of P. x euramerlca 
caused a reduction in root diy weights, but new leaves produced on 
these plants were larger and exhibited higher photosynthetlc rates 
when compared to control trees (Bassman & Dlckmann 1982). 
The degree of damage suffered by trees with partial or complete 
defoliation may be modified by such factors as the timing of the 
damage and the age of the tree (Wilson 1976, Mattson & Palmer 1988, 
Tuoml et al. 1988a, Barbosa & Wagner 1989). When defoliation occurs 
early in the growing season, the Impact on the tree is usually lessened 
because many tree species can replace the damaged or removed 
foliage. Defoliations occurring later in the growing season have more 
profound effects than those occurring in early to mid summer because 
seasonal climatic factors limit regrowth (Wilson 1976, Mattson & 
Palmer 1988, Barbosa & Wagner 1989). In addition, a reduction in 
the photosynthetlc area will decrease the accumulation and storage of 
carbohydrates (Mattson & Palmer 1988, Tuoml et al. 1988a). The 
depleted energy reservoirs can decrease the ability of the tree to 
survive the dormant period and produce new growth for the next 
22 
growing season (Mattson & Palmer 1988). The production of 
defensive chemicals over the next growing season may also be 
decreased (Mattson & Palmer 1988). 
Feeding by defoliators also creates possible entry sites for 
pathogens and increases the plant's susceptibility to secondary Insect 
pests and pathogens (Kulman 1971, Coulson & Witter 1984, Mattson 
& Palmer 1988, Barbosa & Wagner 1989). In addition, feeding on 
succulent apical bud and stem regions can result in the deformation of 
young trees (Oliveria & Cooper 1977, Coulson & Witter 1984, Solomon 
1985). Under conditions of extreme stress, defoliation can lead to 
tree mortality (Wilson 1976). 
An Integrated Pest Management program for short rotation 
plantings is vital for the protection of a stand to ensure the maximum 
production of woody materials. Included in this plan should be 
considerations that will increase the vigor of the stand and thereby 
increase the level of natural resistance to pest attack (Wilson 1976). 
The selection of a proper site to match the tree species being planted, 
and the use of resistant selections enhance natural pest resistance 
(Wilson 1976). Leaf morphology, leaf display, timing of budbreak, 
dormant budset, and foliar chemical profile are all factors under 
genetic control that may alter the susceptibility of trees to insect 
attack (Faeth 1987). Proper site preparation will guarantee optimum 
establishment conditions and maximize Juvenile growth rates (Wilson 
1976). Spacing patterns can affect the temperature, moisture, and air 
movement within the planting, which in turn will indirectly alter pest 
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population levels (McNabb et al. 1982, Berryman 1987, Rlsch 1987). 
Ongoing silvlcultural practices such as weed control, fertilization, and 
irrigation are important considerations because they have been 
implicated with increased growth rates and may have direct and 
indirect effects on pest population levels (Wilson 1976, Harrell 1980, 
Dickmann & Stuart 1983, Bryant et al. 1987). 
Coleoptera: Chrysomelidae 
In the United States and Canada there are 1481 species in the 
Chrysomelidae that are assigned to 188 genera (Arnett 1985). The 
adults and larvae of these species are phytophagous, feeding on leaves, 
stems, and roots. Monophagous species are common and some 
chrysomelids are considered serious economic pests. Within the 
Chrysomelidae there are many dendrophagous species that feed on 
trees from the Salicaceae, including Populus and Salix. 
The Chrysomelidae is divided into subfamilies. The subfamily 
Chrysomelinae is further split into six tribes. One tribe, Chrysomelini, 
consists of 17 species (Arnett 1985) including some dendrophagous 
species from the genera Chrvsomela Liimaeus and Plagiodera Chevrolat 
that feed on Populus and Salix (Brown 1956, Smiley et al. 1985, 
Tahvanalnen et al. 1985). The tribe Pratorini, contains the genus 
Phratora Chevrolat (Arnett 1985) that includes some Salix-feeders 
(Rowell-Rahier 1984b, Tahvanalnen et al. 1985, Pasteels et al. 1988a, 
Denno et al. 1990). In addition, species from the subfamily 
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Galerucinae (tribe Galerucini) and genus Galerucella Crotch (Arnett 
1985) feed on Salix foliage (Tahvanainen et al. 1985, Larsson et al. 
1986). 
The Cottonwood Leaf Beetle 
Biology and life history 
The Cottonwood leaf beetle, Chrysomela scripta F. (Coleoptera: 
Chrysomelidae), is considered to be one of the most serious defoliators 
of plantation Populus in North America (Burkot & Benjamin 1979, 
Wilson 1979, Harrell 1980). Feeding by this beetle has been reported 
on various species and hybrids from the Aigeiros and Tacamahaca 
sections (Brown 1956, Burkot 1978, Burkot & Benjamin 1979, Harrell 
1980, Harrell et al. 1981). Cottonwood leaf beetle damage has also 
been recorded on species of Acer (Lowe 1898), and Salix (Lowe 1898, 
Brown 1956, Randall 1971). A review of the Chrysomelidae noted that 
specimens of this beetle were collected on particular species of Salix 
and Populus and that these beetles are not found on the aspens, P. 
tremuloides and P. grandidentata (Brown 1956). 
The distribution of this beetle is widespread throughout the 
continental United States, as well as northern Mexico and portions of 
the southern provinces of Canada (Brown 1956). The cottonwood leaf 
beetle is a multivoltine species, having four to six generations each 
season in the north central states (Caldbeck et al. 1978, Harrell 
1980), and up to seven in the southern states (Neel et al. 1976). 
25 
The final generation, sexually-immature adults overwinter in 
leaf litter and debris (Lowe 1898, Guthrie 1931, Burkot 1978, Harrell 
1980). Adult males are 5.4 to 7.8 mm long, and the females are 6.3 
mm to 9.0 mm (Brown 1956). The body is elongate oval with the 
width 50% to 55% of the length (Lowe 1898). The dorsum is black 
and gold and the venter is metallic green. The head, thorax, and legs 
are predominately black. The elytra are ivory to gold with brownish-
black longitudinal markings in distinct patterns. There is wide 
variation in the elytra! patterns and detailed descriptions of the 
variations have been noted (Brown 1956). The lateral margins of the 
thorax and elytra (and portions of the tibia) are red in sexually mature 
adults; in immature adults these areas are gold (Guthrie 1931). 
Geographical differences in the coloration of the antennae, legs, and 
undersides of the adults have been documented (Brown 1956). 
Spatial distribution of the cottonwood leaf beetle population on a 
host tree is stratified (Burkot 1978). The oldest, lower leaves on the 
stem accomodate the pupae and teneral adults. Adult feeding and 
mating occur on the youngest leaves on the stem. Egg masses are 
found on the underside (abaxial surface) of the expanded, succulent 
leaves. The first instars feed on leaves in this area upon emergence. 
Second and third instars feed on the succulent tissues within the 
immature leaf zone. It has been suggested for another chrysomelid 
with a similar biology, the imported willow leaf beetle, Plagiodera 
versicolora (Laicharting), that this vertical distribution may serve to 
reduce intraspecific competition (Raupp & Denno 1983). 
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In early spring, In approximate synchrony with the bud break of 
their host plants, adult cottonwood leaf beetles emerge, begin 
maturation feeding, mating, and subsequently, oviposition (Harrell 
1980). Adult feeding behavior consists of the removal of small 
amounts of young succulent tissue, followed by dispersal to a new leaf 
or a different host plant. TTils results in a shot-hole pattern of feeding 
damage. The adult beetles have a higher consumption rate per day 
and a higher total consumption than any of the larval stages (Harrell 
1980). Results from laboratory feeding trials using the willow-feeding 
chrysomelid, Chrvsomela knabi Brown, showed that the daily 
consumption of adult beetles is 16.0 mg dry willow tissue, compared 
with a maximum of 10.7 mg dry willow tissue for third instars 
(Crossley 1966). 
Mating occurs predominately on the abaxial surface of the 
younger foliage but can also occur in other locations (Burkot 1978, 
Harrell 1980, Johnson & Lyon 1988). Females mate before and 
between each oviposition event, and not necessarily with the same 
male (Harrell 1980). Gravid females can be Identified by the swelling 
of the abdomen beyond the elytral tip. 
The oviposition behavior of the females has not been studied in 
detail. Female beetles may sample the leaves before ovipositing by 
consuming a small portion of leaf tissue (Caldbeck et al. 1978, Haugen 
1985). The majority of egg masses are found on the underside of 
leaves in the top one-third of the plant canopy, implying that females 
select younger leaves for ovipositing (Burkot 1978, Burkot & Benjamin 
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1979, Haugen 1985). The oviposltlon behavior of European 
chiysomelids on Salicaceae has been studied somewhat more 
completely. Researchers propose that H. versicolora females may 
oviposit on leaves that are less likely to be fed upon by conspeciflcs. 
Larvae hatching on leaves that are preferred for feeding by adults may 
not have an adequate supply of food (Rowell-Rahier 1984a). In 
addition, the presence of fecal deposits from conspecific adult and 
larval feeding on the foliage may attract coccinellid predators that are 
likely to consume the eggs (Rowell-Rahier 1984b). 
Cottonwood leaf beetle eggs are elongate-oval and dark yellow 
with a smooth, thick, and leathery surface. Egg color may show some 
variation, with reddish eggs being reported (Furniss & Carolin 1977). 
Just prior to hatching, the eggs turn a deep salmon color. The eggs 
are laid in clusters with a reported average size of 64 eggs (Burkot 
1978, Burkot & Benjamin 1979) or 58 eggs (Harrell 1980, Haugen 
1985). The average number of eggs laid per laboratory raised female 
(from a wildWisconsin population) was 510 eggs, and the average 
oviposition period lasted for 9.8 d (Burkot & Benjamin 1979). Field 
observations of beetle populations in Mississippi confirmed that egg 
clusters of 50-100 are common, with an average of 823 eggs per 
female (Head 1972, Head & Neel 1973). The oviposition period in 
this population lasted 1 mo (Head & Neel 1973). The duration of the 
egg incubation period varies among regional populations, ranging from 
4 to 6 d in Mississippi (Morris 1956, Head 1972), to 6 d in California 
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(Guthrie 1931), and from 10 to 14 d In New York (Lowe 1898). An 
adult beetle sex ratio of 1:1 has been reported (Head & Neel 1973). 
The newly emerged larvae are approximately 1 mm long (Lowe 
1898), and are Initially light colored, but their cuticles quickly 
sclerotize and darken. Two pairs of thoracic and seven pairs of 
abdominal tubercles are located dorso-laterally on the larvae. These 
outgrowths enclose the eversible vesicles that secrete the defensive 
chemical, salicylaldehyde. The larvae employ a sticky caudal disc at 
the abdomenal tip to attach themselves to surfaces and to aid in 
locomotion. The first instars are not very mobile and do not disperse 
from the leaf on which the eggs were laid. 
The first instars consume a portion of their egg chorion after 
hatching. They then begin feeding on the abaxial leaf surface by 
removing the lower cuticular layer and the mesophyll tissues, 
producing a windowpane type of damage. First instars exhibit 
gregarious behavior that is believed to provide a selective advantage 
against prédation (Burkot 1978, Gregoire 1988). Researchers propose 
that gregarious behavior has evolved in response to negative factors in 
the habitat such as plant chemical and physical defenses, natural 
enemies, food limitations, and adverse climatic conditions (Gregoire 
1988, Sillen-Tullberg & Leimar 1988). 
Larval gregariousness may facilitate early feeding by neonate 
larvae and thus reduce establishment mortality. Larval mortality for 
Phratora latlcollis Suff. was significantly higher for single larvae on 
leaves than for individuals feeding within a group (Gregoire 1988). 
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This mortality is probably caused by failure of the single larvae to 
commence feeding, since a majority of the dead had not pierced the 
leaf cuticle. 
A major benefit of group feeding may be a decreased risk of 
attack by predators on any individual within the group (Gregoire 1988, 
Sillen-Tullberg & Leimar 1988). Dilution of the risk is often 
associated with insects that are distasteful to potential predators. 
The protection of individual larva within a group is enhanced by 
the production of the defensive secretion, salicylaldehyde. First 
instars produce very small salicylaldehyde droplets that are probably 
not sufficient to defend against potential predators. The cumulative 
effect of the droplets from many first instars, however, serves to 
produce a defensive shield for first Instars (Burkot 1978, Gregoire 
1988). The arrangement of the larvae on a leaf also maximizes the 
efficacy of the defensive system. The larvae feed with their heads 
projecting toward the margin of the leaf so the eversible glands are 
oriented toward the base of the leaf. In this way the glands are 
properly oriented for maximum effectiveness should a potential 
predator crawl onto the leaf (Blum et al. 1972). 
The older larvae are more mobile, progressively less gregarious 
as they mature, and will disperse readily to other leaves to feed. The 
second and third instars are tan with white markings on the tubercles. 
There are also black spots on the thorax and abdomen, and the legs 
and head are black. They tend to feed on the upper surface of leaves 
and move upward on the stem toward younger, more succulent foliage. 
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In general, larvae will feed on any leaf or stem tissue that has a 
moisture content above 73% (Harrell et al. 1982). The youngest four 
to six leaves on a stem usually meet this criterion. Foliar feeding 
results in skeletonized leaves with only the major veins and midrib left 
uneaten. Damage can also be evidenced by the removal of the apical 
meristematic tissues and succulent portions of the stem. While the 
beetle larvae consume less tissue than the adults, their feeding pattern 
results in the most severe damage to the host trees (Harrell et al. 
1982). Approximately 87% of the total leaf biomass eaten by each 
larva is consumed in the third stadium (Harrell et al. 1982). Mature 
third instars are approximately 8 mm long (Harrell 1980). Body 
length may also vary according to the host plant upon which the larvae 
feed (Harrell 1980). 
The larval stage lasts 9 d in Mississippi populations (Morris 
1956), 10 d in California (Guthrie 1931), and up to 14 d in New York 
(Lowe 1898). During the last few days of the third stadium, profound 
changes in behavioral patterns are evident. The larvae cease feeding 
and begin wandering downward on the stem of the host plant. These 
prepupae attach via the caudal disc to the undersurface of a host leaf, 
petiole, branch, or to the foliage of neighboring plants. 
The pupae develop head downward within the third instar 
exuviae. The eversible vesicles of the last instar are shed with the 
larval integument and retain the reservoirs of salicylaldehyde so the 
pupa is chemically defended. The mature pupa is black with two 
white spots that mark the location of the metathoracic eversible 
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glands of the last instar larva. The pupal stage lasts approximately 4 to 
5 d in Mississippi populations (Morris 1956), 7 d in California 
(Guthrie 1931), and 14 d in Wisconsin (Burkot 1978). 
Upon emergence, the callow adults are grayish-white with black 
head, antennae, and legs, but they assume their normal coloration over 
a short period. They cling to their cast pupal exuviae for approx­
imately 1 d until their cuticle is fully sclerotized. This behavior affords 
the callow adult a measure of chemical protection from the 
salicylaldehyde reservoirs of the pupal skin (Wallace & Blum 1969). As 
an additional means of defense, the adults exhibit thanatosis, the 
feigning of death. If disturbed, the adults retract their appendages 
and drop to the ground where they remain for a period of time 
(Balsbaugh 1988). 
Maturation feeding begins on the second day post emergence 
and after 3 or 4 d the beetles are sexually mature (Burkot 1978), as 
evidenced by the red coloration on the lateral margins of the thorax 
and elytra (Guthrie 1931). Laboratory-raised females laid their first 
egg masses on the third day after emergence and an egg mass was laid 
almost every day, until an average of 10 were deposited (Burkot 1978). 
The duration of the development, from egg to adult, can be as short as 
19 days in Mississippi populations (Head 1972). 
Chemical defense system 
Within the Chrysomelidae it is quite common for the larvae (and 
sometimes other life stages) to be protected by chemicals synthesized 
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from plant-derived precursors. The presence of these defensive 
chemicals is believed to offer a selective advantage to the individuals, 
especially the larvae, by reducing the threat of prédation (Pasteels & 
Gregoire 1984, Gregoire 1988). Further, the synthesis of some 
defensive secretions, such as salicylaldehyde, results in the liberation 
of glucose (or another sugar) which serves as an additional energy 
source (Pasteels et al. 1990). 
The larval defensive secretions of some species of chrysomelids 
may also play a role in the relationships between conspecific 
developmental stages and other species of phytophagous insects 
(Hilker 1989). Synthetic larval secretions of Gastrophysa viridula De 
Geer, Phaedon cochleariae F., and Phratora vltellinae L. act as 
oviposition deterrents against conspecific females, with the efficacy 
lasting approximately 24 h for G. viridula (Hilker 1989). Larval 
secretions of PI. versicolora are effective for at least 3 h in deterring 
feeding by conspecific adults (Raupp et al. 1986, Hilker 1989). In 
addition, the larval secretions of PI. versicolora and Mi. vitellinae may 
act as interspecific repellents and feeding deterrents effective against 
adults of the competing species (Hilker 1989). 
Adult chrysomelid beetles are usually chemically protected 
(Deroe & Pasteels 1982). When disturbed, they emit a defensive 
secretion that flows from glands opening at the surfaces of the elytra 
and pronotum and oozes over the dorsum. Adult cottonwood leaf 
beetles have not been examined for the presence of defense glands, 
but it has been established that other species of the subfamily 
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Chiysomelinae possess these glands on the pronotum and elytra 
(Deroe & Pasteels 1982). The adults of two closely-related species, Q. 
populi L. and £. tremulae F., possess defense glands (Deroe & Pasteels 
1982). The distribution of the glands does not seem to follow 
characteristic patterns within a tribe, but in all Chiysomelinae species 
examined, the glands are present in rows along the lateral margins of 
the pronotum and elytra (Deroe & Pasteels 1982). 
The eggs of some chrysomelid species are also chemically 
protected, with the defensive substances located in the fluid within 
the egg-shells (Pasteels et al. 1986). The origin of these chemicals is 
probably the female beetle, but the possible synthesis of defensive 
compounds by the embryo has not been discounted (Pasteels et al. 
1988b). The eggs of the cottonwood leaf beetle have not been 
analyzed for defensive chemicals, but those of three congeneric 
species. Q. populi. Q. tremulae. and Q. saliceti Weise, have been 
examined. The egg shells of these species contain salicln that the 
neonate larvae consume along with the egg debris (Rowell-Rahier & 
Pasteels 1986, Pasteels et al. 1988a. 1988b). The salicin not only 
offers protection for the eggs, but is also the precursor of 
salicylaldehyde for the larvae. This source of salicin could provide a 
significant advantage for the larvae during the hatching process and 
possibly aid in avoiding cannabilism by siblings (Pasteels et al. 1988a, 
1988b). The salicin concentration per egg for some Chrvsomela spp. 
is sufficient to act as an effective deterrent and toxin against some 
species of predatoiy ants (Pasteels et al. 1986). 
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Cottonwood leaf beetle larvae are most definitely chemically 
defended. Salicylaldehyde is synthesized by the larvae from salicin, a 
phenolic glycoside, that is sequestered from the host plants through 
feeding (Wallace & Blum 1969, Blum 1987). In addition, larvae may 
synthesize salicylaldehyde from other phenolic glycosides in Populus 
tissues, such as salicortin (Pasteels et al. 1988a). The defensive glands 
consist of nine pairs of eversible vesicles, two thoracic and seven 
abdominal, that are enclosed by tubercles arranged in two dorsolateral 
rows. Salicin is enzymatically converted within the glands of Q. populi 
first to saligenin and then to salicylaldehyde, liberating glucose 
(Pasteels et al. 1990). The glands open into pouches located in the 
larval cuticle (Guthrie 1931). When the larva is disturbed, the pouches 
are filled with the defensive chemical and hemolymph pressure 
changes force the fluid out through the vesicle opening. The 
substance appears in droplets at the tip of the tubercles. When the 
disturbance is diminished, the pressure is released, the droplets are 
withdrawn Into the pouch by muscular action, and the defensive 
compound is conserved (Wallace & Blum 1969). 
The pupae are also chemically protected. The pupa hangs inside 
a sack formed from the exuvia of the last larval stage that contains 
glandular reservoirs of salicylaldehyde. The chemical can be released 
through squirming motions by the pupa when it is disturbed (Wallace 
& Blum 1969). Both the pupae and emerging teneral adults can utilize 
the chemical contained inthe exuvia for defense. 
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Salicylaldehyde droplets are relatively persistent and aromatic, 
so the beetles are afforded a potent defense without expelling a large 
amount of the chemical (Wallace & Blum 1969). The cottonwood leaf 
beetle has only a few species of potential predators probably because of 
the presence of the defensive secretion (Brown 1956). The 
relationship between some species of chiysomelid beetles and ants 
has been examined (Wallace & Blum 1969, Pasteels et al. 1986, 
Selman 1988). Defensive secretions of various chrysomelid species 
act as deterrents and repellants against ant species (Wallace & Blum 
1969, Pasteels et al. 1986, Selman 1988). The presence of 
salicylaldehyde has been shown to negatively affect two species of ants, 
Iridomvrmex humilis (Mayr), and Crematogaster clara (Mayr). The 
ants were either repelled by the chemical or avoided the larvae 
completely (Wallace & Blum 1969). 
Population biology and management considerations 
The cottonwood leaf beetle is generally considered to be a 
subeconomic defoliating pest. Under favorable conditions, however, 
the population level of this insect can increase rapidly to outbreak 
proportions. Population levels of many herbivorous pests are 
dependent on natality, mortality, and dispersal into and out of a 
particular ecosystem (Stanton 1983, Coulson & Witter 1984, 
Berryman 1986, 1987, Ferro 1987, Risch 1987). These population 
variables are subject to modification by biotic and abiotic factors within 
the environment, including food quality and quantity, and the 
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occurrence of natural enemies (Coulson & Witter 1984, Berryman 
1986). 
A poplar plantation provides a favorable environment for 
supporting large numbers of cottonwood leaf beetles. Especially in the 
establishment years, the stem and leaf tissues are ideal food sources. 
Because this beetle is a multivoltine species and the fecundity of the 
females is quite high, population numbers can increase to outbreak 
levels quickly (Head & Neel 1973, Burkot & Benjamin 1979, Harrell 
1980, Haugen 1985). The ability of the natural enemy complex to 
control populations of the cottonwood leaf beetle is hampered by the 
chemical defense system of the larvae, pupae, and possibly eggs and 
adults (Brown 1956, Wallace & Blum 1969, Head 1972, Deroe & 
Pasteels 1982, Pasteels et al. 1986, Grégoire 1988). 
Prédation by various species of coccinellid beetles and 
pentatomids has been reported (Head 1972, Burkot & Benjamin 
1979). Twelve species of predaceous insects were collected on 
cottonwood trees in Mississippi (Head 1972, Head et al. 1977). In 
addition, two species of parasites were identified. A rapid decrease in 
the numbers of cottonwood leaf beetles in early spring in this area 
correlated well with high population levels within the natural enemy 
complex. Even though the predators were able to control this 
cottonwood leaf beetle population early in the season, predator 
effectiveness declined throughout the season with beetle population 
levels peaking when the predator concentration was at its lowest level 
(Head 1972, Head et al. 1977). 
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The results from other studies of the natural enemy complex 
suggest that prédation is an important controlling factor of 
Cottonwood leaf beetle populations. In a Mississippi planting, three 
species of lady beetles, Hippodamia convergens (Guerin-Meneville), 
Coleomagilla maculata (DeGeer), and Neoharmonia venusta 
(Melsheimer), were able to control cottonwood leaf beetle numbers 
effectively (Neel & Solomon 1985, Solomon 1988). In Wisconsin 
populations, egg prédation by Cû- maculata accounted for up to 25% of 
the observed cottonwood leaf beetle mortality. Another significant 
biological control agent was the pteromalid, Shizonatus latus (Walker), 
that parasitized up to 26% of the pupae (Neel & Solomon 1985). 
The effects of various climatic conditions on cottonwood leaf 
beetle population levels have also been observed but not quantified. 
The occurrence of heavy thunderstorms may cause high levels of 
mortality among cottonwood leaf beetle populations, especially the 
larval stages (Wilson 1980). The mortality rates might be the result of 
the synergistic force of the raindrops and the shearing force of the 
wind that typically occurs during thunderstorms. In addition, water 
falling from overhead irrigation onto gravid female beetles seems to 
deter oviposition (Burkot 1978). 
Suppression of cottonwood leaf beetle populations can be 
achieved through the use of silvicultural, chemical, biological, and 
genetic control methods. Maintaining the trees in a vigorous growing 
condition can reduce the impact of damage from some pest species 
(Bowersox & Ward 1976, Wilson 1976, Harrell 1980, McNabb et al. 
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1982, Woods et al. 1982, Dlckmann & Stuart 1983, Beriyman 1987, 
Bryant et al. 1987, Risch 1987). Such silvicultural methods as site 
preparation, weed control, spacing, fertilization, and irrigation are 
procedures that aid in the maintenance of tree health and vigor 
(Dickmann & Stuart 1983). 
Direct control of cottonwood leaf beetle populations through the 
use of pesticides is a management option that is justified in some 
situations. When beetle populations reach outbreak proportions, 
serious economic losses can occur and chemical control methods may 
be warranted. The level of damage caused by cottonwood leaf beetle 
feeding on 1 y cottonwoods was significantly reduced by an application 
of Carbofuran, a systemic insecticide (Abrahamson et al. 1977). Other 
systemics such as disulfoton and phorate are also effective in killing 
beetle larvae (Neel 1969). Chlorpyrifos, diazinon, and mexacarbate 
show high efficacy against both adult beetles and larvae (Page & Lyon 
1975). Malathion and Dursban have produced 99% control of beetle 
populations in southern plantations (Morris 1976). Sevin, a 
carbamate, is currently being used in poplar plantings to suppress 
beetle populations. 
The use of pesticides, however, is not without serious 
drawbacks. Some pesticides have phytotoxic effects on poplars (Neel 
1969). The cost of application must be considered as well as the 
environmental impact. Under certain conditions the use of pesticides 
is a factor that can trigger pest outbreaks by reducing the numbers of 
natural enemies (Faeth 1987, Ferro 1987, Risch 1987). In addition, a 
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significant increase in short rotation acreage could mean that the 
additional pesticide load on the environment may not be ecologically 
acceptable. 
The use of biorational pesticides, such as Bacillus thuringiensis 
var. san diego may be a safe, effective method to adequately control 
Cottonwood leaf beetle populations. This bacterium has proved 
satisfactory in killing both larvae and adults. In addition, larvae that 
survived the treatment showed reduced adult weights and prolonged 
larval development times (Bauer 1990). The surviving individuals 
were also subjected to additional pressure from parasite and predator 
species, which were not affected by the bacterium. 
The use of Populus exhibiting natural resistance Is a valid 
method to minimize cottonwood leaf beetle Impact on a planting. A 
wide range of natural resistance to the cottonwood leaf beetle has been 
reported for selected Populus (Oliveria & Cooper 1977, Caldbeck et al. 
1978, Wilson 1979, Harrell 1980, Harrell et al. 1981, Moore & Wilson 
1983, Haugen 1985). 
Cottonwood leaf beetle feeding and oviposltion preferences 
Adult cottonwood leaf beetle feeding preferences have been 
determined among selected poplar clones through field studies 
(Caldbeck et al. 1978, Wilson 1979, Moore & Wilson 1983) and 
laboratory bioassays (Harrell 1980, Harrell et al. 1981). Extrinsic 
factors may Influence the host selection behavior of the beetles. For 
example, within a given growing season, each successive generation of 
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adults may have slightly different host preferences (Wilson 1979). 
This phenomenon may be explained by the changing quality of poplar 
foliage on some clones throughout the growing season. 
It is also possible that fresh resin on the succulent foliage acts to 
influence the host selection behavior of the cottonwood leaf beetle 
(Caldbeck et al. 1974, 1978). The composition and concentration of 
resin on the foliage may exhibit wide variation among Populus (Curtis 
& Lersten 1974, 1978). In feeding bioassays larvae avoided feeding on 
native cottonwood foliage that was covered with fresh resin (Curtis & 
Lersten 1974). 
The results of an Iowa field study suggest that feeding damage 
may follow clonal lines (Caldbeck et al. 1978). Damage to some clones 
was quite minimal while adjacent clones exhibited severe defoliation, 
indicating that the beetles were preferentially selecting among the 
clones. In addition, clones with at least one parent in common (P. 
deltoides) suffered significantly different degrees of feeding damage. 
The results of Iowa and Minnesota studies produced similar 
rankings for the degree of susceptibility of selected Populus. In 
general, the clones with 100% Aigeiros parentage were preferred 
most highly for feeding (Caldbeck et al. 1978, Wilson 1979). A 100% 
Aigeiros clone, NC-5264, received the most feeding damage in the 
Iowa planting (Caldbeck et al. 1978), while another Aigeiros clone, 
NC-5262, was most severely damaged in the Minnesota study (Wilson 
1979). The susceptibility of clones with this sectional parentage was 
also found in field studies conducted in the Lake States (Minnesota, 
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Wisconsin and Michigan) in which NE-375, a 100% Algeiros clone, 
was the most highly preferred (Moore & Wilson 1983). Among the 
less preferred clones in all field studies was NC-5339, a natural aspen 
hybrid of 100% Leuce parentage (Caldbeck et al. 1978, Wilson 1979, 
Moore & Wilson 1983). 
Contrasting host preference results were obtained in a 
Wisconsin laboratory study (Harrell 1980). Adult beetles preferred to 
feed on a poplar clone with 100% Tacamahaca parentage, NC-5260. 
This clone received only moderate to light damage in field plantings 
(Caldbeck et al. 1978, Wilson 1979, Moore & Wilson 1983). The 
second most preferred clone in the Wisconsin study was NC-5263 
(75% Tacamahaca and 25% Aigeiros parentage) (Harrell et al. 1981). 
This clone was also highly preferred by the beetles in two previous 
field studies (Caldbeck et al. 1978, Wilson 1979). A different clone 
with the same parentage, NE-386, was the second most preferred 
clone in the combined Minnesota, Wisconsin, and Michigan plantings 
(Moore & Wilson 1983). The results of all clonal screening tests 
indicated that the aspen hybrid, NC-5339, was not preferred for 
feeding (Caldbeck et al. 1978, Wilson 1979, Harrell et al. 1981, Moore 
& Wilson 1983). 
The ovipositional preferences of the cottonwood leaf beetle have 
been determined in greenhouse preference tests (Haugen 1985). NC-
5322, a 100% Aigeiros clone (P. x euramericana). was most highly 
preferred (Haugen 1985). The next preferred clone for oviposition, 
NC-5264 (100% Aigeiros), was the most highly selected clone for 
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feeding in an Iowa field study (Caldbeck et al. 1978, Haugen 1985). 
The aspen hybrid, NC-5339, was not selected as a host plant for 
oviposition (Haugen 1985). 
Host Selection Behavior 
Selection behavior of herbivores 
The host preferences for feeding and oviposition by adult 
Cottonwood leaf beetles have been studied by various researchers but 
the sequence of behavioral events leading to the acceptance or 
rejection of a potential host has not been examined. It is generally 
proposed that the host selection behavior of many herbivorous insects 
for both feeding and oviposition involves behavioral responses to a 
variety of visual, olfactory, tactile, and gustatory stimuli. Insects 
receive these cues from both the physical and chemical characteristics 
of plants. Leaf shape, color, and size may influence host selection 
behavior (Johnson 1975, Jeffree 1986). In addition, the presence of a 
layer of trichomes have been shown to affect the selection behavior of 
some phytophagous insects (Gallun et al. 1966, Curtis & Lersten 1978, 
Hoxie et al. 1975, Johnson 1975, Jeffree 1986). Resinous secretions 
and wax layers on leaf surfaces also may provide physical and chemical 
barriers to insects (Curtis & Lersten 1974, 1978, Stadler 1986). Leaf 
toughness is another factor that may adversely affect the suitability of a 
potential food source (Raupp 1985). 
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Chemical constituents of plant tissues, both nutritional and 
nonnutritlonal, have also been implicated in the selection behavior of 
many herbivorous insects. Behavioral events such as feeding, mating, 
oviposition, and locomotion may be positively or negatively affected 
(Baker & Norris 1968, Fraenkel 1969, Dethier 1970, 1982). The 
chemical constituents of the plant profile can elicit immediate 
responses in potential herbivorous insects. Substances that cause 
immediate responses can be categorized according to the type of 
behavior they elicit. 
Plant chemicals may act as attractants, arrestants, stimulants, 
repellents, or deterrents, depending on the type of behavior they 
stimulate. An arrestant stops or slows movement to a potential host, 
while a repellant orients the insect away. A locomotor stimulant starts 
or speeds movement to a plant and an attractant orients the Insect 
toward the plant. A stimulant for oviposition. feeding, or mating 
initiates activity, and a deterrent inhibits behavioral activity. 
Attractants, arrestants, and stimulants are positive cues for host 
selection behavior and they encourage the insect to approach, cease 
wandering, and feed or oviposit. Repellents and deterrents tend to 
produce negative responses. Repellents encourage an insect to move 
away from a plant. Deterrents tend to inhibit feeding and oviposition 
behavior. 
Some nonnutritional plant chemicals are allelochemicals that 
affect the growth, health, behavior, or population biology of another 
species either positively (kairomones) or negatively (allomones). 
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Allomones include antixenotics (repellents, locomotory excitants, 
suppressants, and deterrents) that disrupt host selection behavior and 
antibiotics that cause abnormal growth and development (toxins and 
digestibility factors) (Kogan 1986). Attractants, arrestants, and 
feeding or oviposition excitants are all kairomones and positively affect 
host selection behavior patterns (Kogan 1986). 
Chemical stimuli from potential host plants are perceived by 
insects through a variety of chemoreceptors located principally on the 
antennae, legs, and mouth parts (often occurring on other parts of the 
insect body as well) (Beck & Schoonhoven 1980, Calvert & Hanson 
1983, Feeny et al. 1983, Mitchell 1988, Chapman & Bernays 1989). 
Both contact and olfactory chemoreceptors are active at different 
stages during the host selection process. In addition, visual receptors 
are involved, especially in the initial host orientation stages. 
The host selection process can be divided into different phases 
depending on the distance between the insect and the potential host. 
Insects are initially attracted to potential hosts by long range stimuli, 
that are usually volatile chemical signals and visual cues. These stimuli 
are perceived by the eyes and by the olfactory sensilla located on the 
antennae (Beck & Schoonhoven 1980, Mitchell 1988). Olfactory 
sensilla are housed primarily on the four distal antennal segments in 
some insects (Mitchell 1988). 
At closer range, when the insect is within a few millimeters of 
the plant, the olfactory sensilla on the antennae and other body parts 
actively receive chemical stimuli. Upon first contact with the plant. 
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gustatory sensllla on the tarsi, palpi, antennae, and ovipositor are 
available to detect the plant chemistry (Beck & Schoonhoven 1980, 
Mitchell 1988, Chapman & Bemays 1989). 
At this point in the behavior sequence, some insects perform 
special movements that act to intensify the degree of chemical 
stimulation received from the plant (Beck & Schoonhoven 1980). 
These behavior patterns include the tapping or scraping of the 
forelegs against the plant, drumming with the maxillary and labial 
palps, or probing the plant parts with the ovipositor (Calvert 1974, 
Calvert & Hanson 1983, Feeny et al. 1983, Renwick 1989). For 
example, when adult Colorado potato beetles, Leptinotarsa 
decemlineata (Say), first encounter a potential host plant, they walk on 
the surface and examine it with their maxillary palps (Harrison 1987). 
Because contact chemoreceptors are located on the tarsi of some 
insects, the mere act of walking on the leaf surface may serve to 
identify the plant as a suitable or nonsuitable host (Chapman & Bemays 
1989). 
Some insect species reject a potential host plant upon initial 
contact, before the plant tissue is actively sampled (Chapman & 
Bemays 1989). This behavior is mediated by the surface environment 
of the plant, the pyllosphere. It has not been determined if the 
physical properties of the leaf surface, the volatile chemicals 
immediately above the plant surface in the boundary layer, or the 
chemicals of the plant surface are involved in the selection process 
(Chapman & Bemays 1989). 
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Actual testing of plant quality through biting, piercing with the 
ovipositor, or probing with the mouthparts occurs in response to 
chemicals that act as incitants. Specific nonnutritional chemicals and 
nutrients, such as glucose, encourage the insect to probe or bite the 
plant. Once the surface of the plant is damaged, the concentration of 
plant volatiles increases around the insect. This flux of stimuli could 
activate additional olfactory sensilla from the mouthparts and antennae 
(Mitchell 1988). Once the integrity of the plant surface is breached, 
different plant substances may also be available to elicit responses 
from the insect. At this point in the selection behavior sequence, the 
blend of plant chemicals acting as behavioral stimuli has become quite 
complex. The volatile chemicals that initially oriented the insect to 
the plant are still available as well as the constituents from the plant 
surface and from the interior of the plant (Mitchell 1988). When the 
initial sampling of the plant occurs, it is possible that all of the 
chemosensory organs that are active in host selection behavior are 
sending information to the central nervous system (Mitchell 1988). If 
the stimuli received upon initial testing indicate an acceptable plant, 
the insect begins feeding or oviposition. If the stimuli indicate that 
the plant is not acceptable as a host, the insect abandons the plant 
because of the presence of deterrents. In these instances, the host 
selection behavior pattern of the insect is interrupted and the insect 
leaves the plant and seeks another potential host. 
The final selection of a host plant is not a response to individual 
chemicals, but is a reaction to a complex blend of chemicals that 
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provide both positive and negative stimuli (Baker & Norris 1968, 
Dethier 1982). Negative cues emanating from a plant chemical profile 
rather than the absence of positive stimuli may be the major factors in 
limiting the host range of phytophagous insects (Baker & Norris 1968, 
Dethier 1982). Chemicals acting as deterrents may have the greatest 
influence on the discrimination between host and nonhost plant 
species by phytophagous insects (Baker & Norris 1968, Fraenkel 
1969, Dethier 1982). 
The host selection behavior sequence of the Colorado potato 
beetle has been studied extensively. Initial orientation of this beetle 
toward a potential host plant is mediated by green-leaf volatiles that 
are perceived as olfactory attractants or repellents. A host is 
recognized by the phenolic fiavonoids in the plant chemical profile 
that act as arrestants. Feeding stimulants such as sucrose, amino 
acids, and chlorogenic acid cause the initiation and maintenance of 
feeding. Continual feeding is mediated by co-factors such as sodium 
chloride. A potential host is rejected because of the presence of 
feeding deterrents and Inhibitors such as the secondary metabolites, 
demissine, tomatlne, and nicotine (Hsiao 1988). 
The selection of a host for ovlposltlon by many herbivorous 
insects is also largely due to the presence or absence of specific plant 
chemicals (Stadler 1974, 1986, Feeny et al. 1983, Renwlck 1989). 
Researchers generally agree that selection is related to the 
developmental success of subsequent progeny (Feeny et al. 1983, 
Stadler 1986, Thompson 1988, Renwlck 1989). Young larvae of many 
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herbivorous species are not mobile enough to disperse to alternative 
food sources, so their survival is dependent on the oviposition choice 
of the females (Feeny et al. 1983, Renwick 1989). For females with no 
access to the leaf interior, it would be a selective advantage if the 
nutritional value of the plant could be assessed on the basis of the 
plant chemical profile (Stadler 1986). Although the correlation 
between oviposition, host selection, and offspring performance is not 
always positive, it is proposed that for the majority of herbivorous 
insects, assessing the plant chemical profile is a dependable way to 
select suitable hosts (Stadler 1986, Thompson 1988, Renwick 1989). 
Females of the chrysomelid, Galerucella lineola F., selectively 
oviposited on Sallx species on which offspring performance was high 
(Denno et al. 1990). This preference may be positively correlated with 
the concentration of salicylates within the selected Salix species. 
In contrast, female H. versicolora prefer to oviposit on mature 
willow foliage that is less nutritious for offspring. Eggs positioned on 
older, less apparent foliage, however, are not as likely to be disturbed 
by the feeding of conspecifïcs and other herbivores (Raupp & Denno 
1980). 
In general, both olfactory and contact chemoreceptors are 
Involved in oviposition host selection behavior. Chemoreceptors for 
ovipositional cues may be located on the antennae, tarsi, maxillary and 
labial palps, and the ovipositor (Stadler 1974, Feeny et al. 1983, 
Renwick 1989). Actual sampling of the leaf chemistry may involve 
such behaviors as drumming with the foretarsl, leaf scratching with 
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the forelegs, examining with the palpi, or walking on the leaf surface 
(Feeny et al. 1983, Renwlck 1989). Female patch butterflies, Chlosvne 
lacinia Geyer, exhibit drumming behavior and also perform dipping 
motions with their antennae to perceive surface chemicals (Calvert & 
Hanson 1983). In addition, grooved spines on the forelegs of this 
butterfly scratch the leaf surface and collect leaf fluids for sampling by 
the adjacent sensilla (Calvert 1974). Tarsal contact with specific foliar 
chemicals stimulates oviposition in the black swallowtail, Papilio 
polvxenes F. (Feeny et al. 1988). Chemoreceptive cells that are 
sensitive to sinigrin, an oviposition stimulant, have been identified on 
tarsal hairs of adult female cabbage root flies, Delia brassicae Bourche 
(Stadler 1978). Chemoreceptors located on the antennae, the 
maxillary and labial palpi, and possibly on the ovipositor of female 
eastern spruce budworm, Choristoneura fumiferana (Clemens), are 
involved in the reception of chemical stimuli (Stadler 1974). 
Other factors have been implicated as influencing the selection 
of a host for oviposition such as the threat of prédation by natural 
enemies. As a strategy to reduce egg and larval prédation levels, 
female PI. versicolora may lay eggs on older leaves on which 
conspecific feeding is not as intense (Rowell-Rahier 1984a). Fecal 
deposits left by feeding PI. versicolora on younger tissues may also 
serve as orientation cues for coccinellid predators in their search 
behavior (Rowell-Rahier 1984a). Ovipositing female Ph. vitellinae 
apparently select Salix not on the basis of nutritional value for the 
offspring, but because of the presence of nonnutritional chemical 
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precursors that are required for the synthesis of the larval defensive 
secretion (Denno et al. 1990). In this case, poorer larval performance 
was offset by the ability of the larvae to secrete an effective defensive 
substance. 
Secondary plant substances 
Nonnutritional plant substances (secondary plant substances) are 
widely distributed among plant species and their role in the 
relationship between plants and phytophagous insects has been 
researched extensively (Beck 1965, Kennedy 1965, Fraenkel 1969, 
Rhoades & Gates 1976, Dethier 1982, Harborne 1982, Scriber et al. 
1987) In 1888, a botanist suggested that plants contain many diverse 
chemicals that may be Involved in a plant defense system against 
herbivores (Dethier 1982). The first experimental evidence of the 
defensive role of plant chemicals came in 1910 (Dethier 1982). In the 
1950's research concerning plant chemicals intensified as workers 
formulated various theories about the relationships between host plant 
selection behavior in herbivorous insects and the chemical profile of 
plants. 
Early workers proposed that all plants were similar in their 
nutrient content and were suitable food sources to sustain all species 
of phytophagous insects (Fraenkel 1953, 1959, 1969, Dethier 1982). 
They also suggested that the nutritional needs of all herbivorous 
insects were fundamentally similar. The range of host plants for an 
insect species was therefore determined by the presence or absence 
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of certain nonnutritlonal chemicals, or token stimuli' (Fraenkel 1959). 
These chemicals were named secondary plant substances because they 
did not seem to be Involved In the primary metabolic pathways and 
were believed to function only as components of plant defense systems 
(Fraenkel 1959). 
More recent workers have determined that the nutritional 
requirements of all herbivorous Insect species are not the same. 
Modem theories of host selection behavior propose that both 
nutrients and secondary plant substances may provide stimuli for 
potential herbivores. The importance of nutritional versus secondary 
chemicals in the host selection process may vary among insect species 
and has been the subject of much debate among researchers 
(Thorstelnson 1960, Beck 1965, Kennedy 1965, Fraenkel 1969, 
Dethler 1976, 1982, Harborne 1982). 
One theory of host selection behavior, the dual discrimination 
theory, proposes that insects respond to two types of stimuli, flavors 
and nutrients (Beck 1965, Kennedy 1965). Flavor stimuli are received 
from speclflc plant blochemicals such as phenols and alkaloids. 
Nutrient stimuli are feeding stimulants and deterrents, and may or 
may not constitute nutritionally necessary compounds. 
Another theory suggests that all potential food plants possess 
chemicals that act as positive and negative stimuli for herbivores. Any 
of these chemicals could alone cause acceptance or rejection of the 
plant (Dethler 1976, 1982). Herbivorous insects therefore probably 
select a host plant on the basis of a blend of chemicals, with the 
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presence or absence of negative cues being of prime importance 
(Thorsteinson 1960, Baker and Norris 1968, Dethier 1982). 
Whatever the role of secondary plant substances in host 
selection, these are produced and stored in plant tissues at a 
metabolic cost offset only by the degree of protection they afford 
against herbivores. The proportion of resources allocated to the 
production of defensive chemicals is modified by both biotic and 
abiotic factors (Levin 1976). The value of particular tissues to a plant, 
the pressure from herbivores, and the cost of the synthesis of 
secondary plant substances may influence the concentration and 
distribution of defensive chemicals within a plant. 
Plants employ two different types of defense systems, qualitative 
and quantitative, to protect their tissues from herbivores (Feeny 
1976). The type of system used by a plant seems to have evolved in 
relation to the risk faced from herbivores, the value of individual 
tissues, and the cost of a defense system. 
Early successional or annual plants are ephemeral in phenology 
and location. Because of their growth characteristics, they cannot 
afford to allocate large quantities of photosynthate to the production of 
allelochemics, yet they must protect their tissues from herbivores. 
These are unapparent plants because their presence in time and space 
cannot be predicted by herbivores (Feeny 1976). Unapparent plants 
rely on a qualitative defense system that does not require a large 
investment of photosynthate and protects the plants from generalized, 
non-adapted herbivores. These substances are usually toxins that are 
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effective in small concentrations. Qualitative chemicals may also act as 
feeding deterrents to generalized feeders. Specialized feeders, 
however, have evolved means of detoxifying the compounds and using 
the toxins as positive host selection cues. Once the toxicity is 
overcome, qualitative substances have little effect on the fitness of the 
herbivores (Feeny 1976). 
In contrast, apparent plants are perennial and their presence in 
time and space is predictable to herbivores (Feeny 1976). Apparent 
plants emply a quantitative defense system because they can afford to 
invest larger amounts of photosynthate into the production of 
defensive chemicals. Quantitative chemicals are thought to be 
produced at a higher energy cost to the plant and are usually 
distributed throughout the plant. These compounds produce more 
subtle effects on herbivores. They tend to reduce the growth rate and 
fitness of all herbivores, but the effects may be dosage dependent 
(Feeny 1976). Quantitative chemicals are not as susceptible to 
counteradaptation by herbivores. 
The chemical defense system of a plant may change throughout 
the life of the plant. In addition, individual tissues within a plant may 
be protected by different types of defensive chemicals. The type of 
defense depends on the apparencies of the tissues to different 
herbivores in relation to the importance of the tissues to the plant 
(Feeny 1976). This relationship varies over time, especially in long-
lived plants (such as trees) that employ both qualitative and 
quantitative defense systems (Feeny 1976). The younger, more 
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succulent, expanding leaves and meristematic regions may be 
protected by a toxic chemicals, while the older, more apparent tissues 
contain high concentrations of various quantitative substances. 
For example, in poplars, phenolic glycosides function as toxins 
to some species of nonadapted phytophagous insects (Lindroth et al. 
1988a, 1988b), The succulent tissues are well protected by a variety 
of these chemicals. The older tissues seem to contain lower 
concentrations of toxins, and instead have different phenolic 
glycosides dominating their profiles. In bigtooth aspen the 
concentration of the qualitative phenolic glycosides also showed a 
seasonal decline, with an increase in the amount of quantitative 
glycosides as the growing season progressed (Lindroth et al. 1987a). 
The feeding patterns of herbivorous insects may be directly 
related to the type of defense system their host plants employ. In 
general, monophagous and oligophagous herbivores (specialized 
feeders) prefer to feed on younger leaf tissues, while polyphagous 
insects (generalized feeders) prefer the older, mature tissues (Gates 
1980). Specialized feeders have evolved means of detoxifying the 
qualitative defensive chemicals of unapparent tissues, enabling them to 
use the more nutritious, younger foliage. Generalist feeders have not 
evolved means to counterbalance the deleterious effects of qualitative 
chemicals and are therefore restricted to feeding on the less 
nutritious, apparent tissues that are protected by quantitative 
substances (Gates 1980). 
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Another plant strategy for reducing the metabolic cost of a 
defense system is the production of defensive substances only as a 
direct response to damage. The dynamic nature of an inducible 
defense system allows the plant to respond to direct attacks and still 
minimize the cost of defense. Induced chemicals are qualitative or 
quantitative and supplement the plant constituitive defense 
mechanisms (preformed defensive substances) in response to 
extrinsic stimuli (Kogan & Paxton 1983). Constituitive defensive 
chemicals are usually effective against generalist feeders, while the 
inducible chemicals specifically target the specialists (Gates & 
Alexander 1982). The timing of the damage, the presence of previous 
damage, the amount of damage, and the elapsed time since the 
damage occurred may affect the intensity of the response of the 
inducible defense system (Baldwin & Schultz 1983, Wagner 1988). In 
addition, the inducible defensive chemicals may differ according to 
the age of the tree (Wagner 1988). 
Factors other than pest attack can induce the production of 
defensive chemicals. Natural inducers of include: temperature, 
radiation, water stress, soil fertility, insecticides, weed competition, 
and previous or concurrent herbivore attack (Kogan & Paxton 1983). 
Any of these factors alone or in combination are sufficient to trigger 
the novo synthesis and accumulation of defense compounds. 
Examples of inducible defense systems in plants are numerous, 
and researchers generally agree that all plants exhibiting some degree 
of herbivore resistance use this defense strategy. Evidence of an 
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inducible system was found in a study with artificially damaged poplar 
ramets (Baldwin & Schultz 1983). The concentration and rates of 
synthesis of phenolic compounds increased within 52 h of having 7% 
of their leaf area removed and the level of total phenolics in leaf 
extracts from damaged ramets increased 123%. In birch trees there 
is evidence that both phenolic compounds and their biosynthetic 
enzymes increase In concentration following insect attack (Hartley 
1988). 
The deleterious effects of inducible defensive substances on 
herbivorous insects has been documented. When fed leaves from 
damaged willow branchlets, PI. versicolora larvae had longer 
developmental times and attained lower adult weights (Raupp & 
Denno 1984). In addition, adult females fed leaves from damaged 
branchlets, exhibited substantially reduced fecundity (Raupp & Denno 
1984). For 5 d following leaf damage, adult PI. versicolora avoided 
previously injured shoots in favor of nearby uninjured ones (Raupp & 
Sadof 1989). These results were confirmed by field observations of PI. 
versicolora feeding patterns (Raupp & Sadof 1989). 
Phenolics 
Phenolics are the only class of secondary plant substances that 
have been detected in measurable amounts among the Salicaceae (Palo 
1984). Phenolics are known to accumulate in all organs of plants 
(leaves, stems, roots, flowers, and fruits) and accumulation is tissue-
specific in some plant genera (Hrazdina & Wagner 1985). Phenolics 
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are found in characteristic patterns among plant tissues (Wagner 
1979). The distribution may vary according to the susceptibility of 
specific tissues to herbivory (Harbome 1985) because the role of 
phenolics is generally considered to defensive (Levin 1971). The 
defensive role of phenolics is suggested by research conducted the 
gypsy moth, Lymantria dispar L. Larvae preferentially feed on mature 
Cottonwood leaves and their growth rate is negatively correlated with 
the phenolic concentration in their food source (Meyer & 
Montgomery 1987). 
Phenolics may be part of a constltultlve defense system or may 
be induced in response to plant injury (Levin 1971). In some cases, 
both the quality and quantity of phenolics seems to be constant both 
before and after damage. There have been reports, however, of the 
accumulation of phenolic compounds and the synthesis of different 
phenolics following damage of any kind (Levin 1971). The 
concentration of phenolics in artificially injured leaves of trembling 
aspen increased as a response to defoliation (Mattson & Palmer 1988). 
Ramets of P. x euroamerlcana and seedlings of sugar maple, Acer 
saccharum Marsh, exhibited higher phenolic synthetic rates and 
Increased foliar phenolic levels following simulated damage (Baldwin 
& Schultz 1983). Foliar grazing by the geometrid, Apocheima pilosaria 
D. and S., on leaves of Betula pendula Roth resulted in rapid, 
significant changes in the foliar phenolic compounds of damaged 
leaves (Hartley 1988). The phenolic content of B. pubescens ssp. 
tortuosa leaves on branches that suffered defoliation the previous year 
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was higher than the leaves on branches that had not been damaged the 
preceding year (Tuomi et al. 1988b). 
The phenolic profile of a plant can vaiy both qualitatively and 
quantitatively because of factors such as plant age, tissue age and the 
type of plant organ (Levin 1971). In general, as trees age the overall 
phenolic concentration increases but the diversity of the phenolics 
narrows (Palo 1984). Individual leaves on a tree may have a different 
quantity of phenolics (Zucker 1982, Meyer & Montgomery 1987). 
The concentration of phenolics in the youngest cottonwood leaves is 
three times higher than in the mature leaves (Meyer & Montgomery 
1987). 
Growing conditions such as temperature, light quality, light 
intensity, and mineral nutrition have also been shown to affect the 
metabolism of phenolics (Balsa et al. 1979, Barz & Hoesel 1979). 
Diurnal variations in phenolic levels have been found in some plant 
species (Balsa et al. 1979). Under long-day conditions phenolics 
accumulate in young leaves of Kalanrhnp blossfeldiana v Poellnltz while 
under short days the polyphenolic content decreases substantially. 
Leaves of Salix dasvclados Wimm contained decreased concentrations 
of phenols when the plants were grown under low light with low 
carbon availability (Larsson et al. 1986). Differences in total foliar 
phenolic content of the mountain birch, B. pubescens ssp. tortuosa 
(Ledeb.) Nyman among various sites may be attributed to the variation 
in response among individual trees to abiotic factors such as 
temperature and nutrient availability (Haukioja et al. 1985). The 
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metabolic pathways Involved In phenolic synthesis may also be 
interrelated with both nitrogen and carbohydrate metabolism (Mattson 
1980, Tuomi et al. 1988a). Trees grown under conditions with 
nutrient deficiencies that limit primary metabolism and growth tend 
to accumulate carbon-based secondary compounds, such as phenolics 
fTuomi et al. 1988a). 
Phenolic glvcosides 
Free phenols are relatively rare in higher plant tissue, with most 
phenols occurring in conjugated forms (Pridham 1960). In actively 
metabolizing tissues, the majorily of phenolics occur in combined 
forms, usually glycosides. Within the Salicaceae, phenolic glycosides 
are common phenolic compounds and have been studied extensively 
by many researchers in Europe and North America (i.e. Pearl & 
Darling 1968, Julkunen-Tiitto 1985a, 1985b, 1989, Lindroth & 
Pajutee 1987, Lindroth et al. 1987a, 1987b, Mattes et al. 1987, Meier 
et al. 1988, Clausen et al. 1989a, 1989b). The phenolic glycosides 
consist of a sugar moiety bonded to the aglycone at the phenolic 
hydroxyl group (Harborne 1964). The formation of glycosides may 
allow the plant to function more efficiently because glycosides are 
more soluble in sap and show an increased mobility over parent 
phenols (Harbome 1964). Generally, phenolics are considered to be 
toxic and the formation of phenolic glycosides may also have an 
autotoxic role (Harbome 1985). In addition, glycoside formation may 
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serve as a method of storing phenolics In a metabolically Inactive form 
(Harborne 1964). 
The highest concentrations of these glycosides are found in the 
cell sap of parenchymatous tissues, with only small amounts being 
detected in the vascular tissues (Pridham 1960). The quantity and 
quality of phenolic glycosides in a plant chemical profile also vary 
because of such factors as season, age, sex, and growing conditions 
(Palo 1984). Some species of willows exhibit a species-specific 
phenolic glycoside composition and concentration, and these profiles 
have been used in taxonomic studies of willows in Europe (Julkunen-
Tiitto 1985a, 1985b, 1989). 
Generally, the concentration of phenolic glycosides in bark 
tissues increases throughout the growing season, with the highest 
levels occurring during winter dormancy (Palo 1984). In buds, 
however, the highest amounts are found in the early spring Just prior 
to budbreak. Foliar levels peak in early summer and decrease 
throughout the growing season until leaf fall. In some poplar species, 
the salicin levels are lower in September leaves than in May leaves 
(Pearl & Darling 1968, Lindroth et al. 1987a). The phenolic glycoside 
profile of bigtooth aspen also exhibits a seasonal pattern (Lindroth et 
al. 1987a). The concentrations of salicortin and tremulacin decline 
throughout the growing season and salicin and tremuloidin levels 
increase slightly (Lindroth et al. 1987a). 
The phenolic glycoside composition and concentration may 
change during the life of the plant (Palo 1984). There may also be 
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great variability in the distribution of phenolic glycosides among the 
leaves on an individual plant (Horn 1986, Lindroth et al. 1987a, 
Pasteels et al. 1988a). In general, as Salix leaves age the concentration 
of phenolic glycosides decreases (Rowell-Rahier 1984a, Horn 1986, 
Pasteels et al. 1988a). The amount of salicin was found to be higher 
in the young leaves of selected willow species (Rowell-Rahier 1984a). 
The youngest leaves on stems of eastern cottonwood, bigtooth aspen, 
and quaking aspen contain higher levels of phenolic glycosides than 
other leaves (Lindroth et al. 1987a). In addition, female salicaceous 
plants usually have higher foliar phenolic glycoside concentrations 
(Palo 1984). 
The levels of available nitrogen can influence the concentration 
of phenolic glycosides within plant tissues. Nitrogen fertilization of P. 
tremuloides results in a decreased concentration of foliar phenolic 
glycosides (Bryant et al. 1987). 
The amount and intensity of light received by plants also alters 
the metabolism of phenolic glycosides. In the leaves of Salix aquatica 
Smith the phenolic glycoside concentration correlates directly with 
the amount of light intercepted by the plants The phenolic glycoside 
quantity should be highest in plants grown under intense light and 
lowest in plants grown under low light (Waring et al. 1985). 
Individual variation in the phenolic glycoside profile also occurs. 
In a Wisconsin native cottonwood, the concentrations of salicortin 
exhibited wide fluctuation among individuals of the same species 
(Lindroth et al. 1987a). 
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Salicin is the phenolic glycoside that is the characteristic 
secondary plant chemical for the salicaceous plants. Salicin is found in 
the bark tissue of all willows and poplars, but it does not occur in the 
leaves of all species (Palo 1984). In those species where salicin is a 
part of the foliar chemical profile, salicin and salicortin are usually the 
most abundant phenolic glycosides (Palo 1984). 
Salicin has been found in the foliar tissue of all Salix examined in 
Japan (Matsuda & Matsuo 1985). In Japanese Populus. populin and 
salicin are always present. Salicin and salicortin are the most 
commonly occurring glycosides in the leaves of selected Finnish 
willow and poplar species (Julkunen-Tiitto 1985b). The leaves of the 
quaking aspen and bigtooth aspen contain salicin, salicortin, 
tremulacin, and tremuloidin, with salicortin and tremulacin being the 
major components of the profile (Lindroth & Pajutee 1987, Lindroth 
et al. 1987a). A leaf analysis of a native cottonwood showed that salicin 
and tremuloidin were present in small amounts (Lindroth et al. 
1987a). Wisconsin researchers found that in native cottonwood foliage 
from field grown trees, salicortin was the major phenolic glycoside 
constituent and tremulacin was absent (Lindroth et al. 1987a). 
Salicortin was also the major glycoside component in leaves from 
quaking aspen and bigtooth aspen. Similar results were reported for 
P. trichocarpa. and P. balsamifera subcordata Hylander (Thieme & 
Benecke 1971, Lindroth et al. 1987a). 
The intemodes of balsam poplar contain salicortin and 
trichocarpin (Mattes et al. 1987). Salicortin and tremulacin are major 
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components of the glycosidic profile of quaking aspen internodes, 
while salicin is absent (Clausen et al. 1989a). 
There is evidence that the foliar composition and concentration 
of some phenolic glycosides is induced by plant damage. Simulated 
herbivoiy by the large aspen tortrix, Choristoneura conflictana 
(Walker), induced the increased synthesis of two phenolic glycosides, 
salicortin and tremulacin, in quaking aspen leaves (Clausen et al. 
1989b). These chemical compositional changes occurred within 24 h 
following damage, and the presence of these two substances in the 
foliage had deleterious effects on the growth of the tortrix larvae. Both 
salicortin and tremulacin may be translocated from internodal tissues 
to the leaves following foliar damage, but de novo synthesis of these 
chemicals could account for the increase in foliar concentrations 
(Clausen et al. 1989b). 
Phenolic glvcosides and host plant selection 
In general, herbivorous insects colonizing Salix species with 
high concentrations of phenolic glycosides in their chemical profiles 
tend to be more specialized than insects infesting Salix with low 
concentrations (Rowell-Rahier 1984a, Pasteels et al. 1988a, Roininen 
& Tahvanainen 1989). Salicin is known to be of biological importance 
to some chrysomelid species that feed on salicaceous plants. The 
adults and larvae of various species synthesize a defensive secretion, 
salicylaldehyde, from salicin (and possibly other phenolic glycosides) 
that is a chemical constituent of the leaf tissues they consume (Wallace 
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& Blum 1969, Deroe & Pasteels 1982, Rowell-Rahier & Pasteels 1982, 
Pasteels et al. 1988a). In addition, the eggs and pupae of some 
chysomelid species are also chemically protected by salicylaldehyde 
(Guthrie 1931, Wallace & Blum 1969, Pasteels et al. 1986). 
Oviposition preferences of the leaf beetle Q. lineola may be 
correlated with the salicylate concentration of willows because the 
subsequent larvae will require salicin in the manufacture of their 
defensive secretion (Denno et al. 1990). The performance of the 
larvae on these willow hosts is not enhanced by the presence of 
salicylates, but their chances of survival are increased because of the 
effectiveness of the defensive chemical against predators. 
The distribution of some Salix-feeding chrysomelids is directly 
related to the phenolic glycoside profiles of their host plants (Rowell-
Rahier 1984a, 1984b, Smiley et al. 1985, Tahvanalnen et al. 1985, 
Pasteels et al. 1988a, Denno et al. 1990). Adults of three chrysomelid 
species. Pl. versicolora. lineola. and Ph. vitelllnae. exhibit feeding 
preferences that can be directly related to the composition and total 
concentration of phenolic glycosides in their host Sallx (Tahvanainen 
et al. 1985). Adult Ph. vltellinae preferred to feed on wild and 
cultivated willow species that contained moderate to high 
concentrations of salicortin and salicin (Tahvanainen et al. 1985). 
Other willow species that had similar total phenolic glycoside 
concentrations but with a different dominate glycoside in their 
chemical profile were rejected. In another study. Ph. vitelllnae was 
always observed on Salix that were high in phenolic glycosides 
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(Rowell-Rahler 1984b). The adults of two species of Japanese willow 
leaf beetles, H- versicolora distincta Baly, and Q. vlgentipunctata 
costella (Marseul), exhibit positive feeding responses to salicin and a 
salicin derived glycoside, populin (Matsuda & Matsuo 1985). Adult Q. 
aenicollis (Shaeffer) prefer to feed on Salix that contain high 
concentrations of salicin and the amount of feeding damage 
experienced by the willows was directly related to salicin content 
(Smiley et al. 1985). Larvae feeding on leaves with high quantities of 
salicin produced more defensive secretion and as a consequence 
suffered less prédation (Smiley et al. 1985). 
Phenolic glycosides exhibit highly variable biological activities in 
relationship to phytophagous insects. Immature quaking aspen leaves 
with reduced phenolic glycosides were a more satisfactory food source 
for larvae of the large aspen tortrix (Bryant et al. 1987). A dietary 
extract containing phenolic glycosides caused a reduction in larval 
growth rates. Salicortin and tremulacin from quaking aspen foliage 
produced deleterious effects on larvae of the nonadapted eastern 
swallowtail butterfly, P. glaucus glaucus L. (Lindroth et al. 1986, 
Undroth et al. 1988a, 1988b). In feeding bioassays, the effect on the 
larvae was more pronounced when both chemicals were used in 
combination than the sum of the individual effects, suggesting a 
synergistic effect (Lindroth et al. 1988a, 1988b). Salicortin and 
tremulacin act as both toxins and deterrents, but two other glycosides 
from quaking aspen, salicin and tremuloidin, have no adverse effects 
on the growth and survival of this butterfly species (Lindroth 1987a, 
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Lindroth et al. 1988a, 1988b). Tremulacin was also toxic to P. glaucus 
subspecies, hybrids, and backcrosses, but wide variation in the degree 
of toxicity was observed (Scriber et al. 1989). Salicortin and 
tremulacin also negatively affect southern armyworm, Spodoptera 
eridania (Cramer), larvae (Lindroth & Peterson 1988). Physiological 
studies of the armyworm revealed that salicortin and tremulacin 
caused lesions in midgut tissues. 
Phenolic glycosides in quaking aspen foliage also have 
detrimental effects on the gypsy moth (Lindroth & Hemming 1990). 
Esterase activity in the gypsy moth may be responsible for the 
tolerance to low and moderate concentrations of phenolic glycosides 
in some aspen foliage. The levels in some aspens, however, may 
exceed tolerable levels and cause performance of the moth to be 
affected (Lindroth & Hemming 1990). 
The performance of an aspen-adapted swallowtail butterfly, P. g. 
canadensis Rothschild and Jordan, was not, however, significantly 
decreased by salicortin and tremulacin. The tolerance exhibited by 
this butterfly for salicortin and tremulacin is apparently caused by the 
activity of midgut esterases that mediate the detoxification process 
(Lindroth 1989). Optimal performance of the larvae of a Sallx-feedlng 
sawfly, Nematus salicis L.. is also achieved when they consume foliage 
containing moderate levels of phenolic glycosides (Roininen & 
Tahvanainen 1989). 
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PART I. FEEDING AND OVIPOSITION PREFERENCES OF ADULT 
COTTONWOOD LEAF BEETLES AMONG POPULUS 
CLONES AND LEAF AGE CLASSES 
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INTRODUCTION 
Many Populus selections correspond with the ideotype of a tree 
species that is suitable for intensive cultivation (Dickmann 1985). 
Their rapid Juvenile growth rate, indeterminate growth 
characteristics, ease of establishment and regeneration, and wood 
properties make them nearly ideal for woody crops plantings 
(Dickmann 1975, 1985, Dickmann & Stuart 1983). Populus also 
exhibits a wide range of species diversity, an ease of genetic 
manipulation through breeding, and can be used in tissue and cell 
culture research (Ceulemans 1990). 
The planting of Populus is not without disadvantages. Over 150 
species of insects have been reported infesting poplars, but most of 
these do not cause significant damage (Wilson 1976). Among these 
pest species, the defoliators have the potential to cause severe damage 
to young trees because their feeding removes photosynthetic tissues, 
carbohydrates, and other nutrients stored in the leaves (Kulman 1971, 
Wilson 1976, Mattson & Palmer 1988, Tuomi et al. 1988a). 
Complete or partial defoliation of hybrid poplars can reduce 
height growth, radial growth, and volume significantly (Kuhlman 1971, 
Abrahamson et al. 1973, Wilson 1976, Bassman et al. 1982). Feeding 
damage also can have adverse effects by creating possible entry sites 
for pathogens, and by increasing susceptibility to secondary insect 
pests and pathogens (Kuhlman 1971, Coulson & Witter 1984, Mattson 
& Palmer 1988, Barbosa & Wagner 1989). Removal of the apical stem 
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region can result in tree deformity (Oliveria & Cooper 1977, Coulson 
& Witter 1984). In extreme cases, damage by defoliating pests can 
result in tree mortality (Wilson 1976). 
The Cottonwood leaf beetle, Chrvsomela scripta F. (Coleoptera: 
Chrysomelidae), is considered to be one of the more serious 
defoliators of plantation Populus in North America (Burkot & Benjamin 
1979, Wilson 1979, Harrell 1980). Windowpaned and skeletonized 
immature leaves, as well as damaged apical bud and succulent stem 
regions, are the results of feeding. This beetle is an endemic species 
and does not cause severe damage in natural stands of Populus (Wilson 
1976). The nature of a short rotation woody crops planting, however, 
creates an ecosystem in which there is a high potential for pest 
populations to reach outbreak levels (Wilson 1976, McNabb et al. 
1982). Factors that may predispose a plantation to pest problems 
include uniformity of tree species, size, age, spacing, and similar 
genetic composition (Dickmann & Stuart 1983). 
Plantation Populus are especially susceptible to pest damage 
during the establishment period (the first 1 to 3 y) because a large 
proportion of the leaf and stem tissues is succulent and high in 
nutritional quality and moisture content. The availability of an optimal 
food source in a dense, monocultural stand of host plants enhances the 
growth of increased population levels of endemic pests (Tahvanainen 
& Root 1972, Stanton 1983, Faeth 1987, Risch 1987). A population of 
Cottonwood leaf beetles can increase to outbreak levels quickly under 
optimum conditions because it is a multivoltine species (four to six 
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generations per year in the north central region) and each adult 
female can lay 510-823 eggs (Head & Neel 1973, Neel et al. 1976, 
Burkot & Benjamin 1979, Harrell 1980). 
Current practices for population suppression of this insect rely 
on the use of insecticides. Continued insecticide use may not be 
economically feasible in short rotation plantings and may have the 
potential to induce the development of pesticide resistance in the 
target population. A significant increase in short rotation acreage 
could mean that the additional pesticide load on the environment also 
may not be ecologically acceptable. 
Other options are available to manage cottonwood leaf beetle 
infestations, including, genetic, biological, and silvicultural techniques 
(Wilson 1976, Dickmann & Stuart 1983). The use of Populus 
selections exhibiting less susceptibility to cottonwood leaf beetle 
attack is a potential means of exploiting natural resistance and 
decreasing the need for pesticides. A wide range of natural resistance 
to the cottonwood leaf beetle has been identified within the genus 
(Oliveria & Cooper 1977, Caldbeck et al. 1978, Wilson 1979, Harrell 
1980, Harrell et al. 1981, Moore & Wilson 1983, Haugen 1985). The 
adult feeding and oviposition preferences for selected poplar clones 
have been established through field and laboratory research (Caldbeck 
et al. 1978, Wilson 1979, Harrell 1980, Harrell et al. 1981, Moore & 
Wilson 1983, Haugen 1985). 
The results of these studies indicate that both adult feeding and 
oviposition behavior occur predominately on younger foliage. On young 
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trees, the majority of egg masses are found In the top one-third of the 
tree canopy on the abaxial surface of leaves (Burkot 1978, Burkot & 
Benjamin 1979, Haugen 1985). Larval and adult feeding also occur in 
the immature leaf region, with larval feeding reported on leaf, apical 
bud, and stem tissues with a moisture content above 73% (Harrell et 
al. 1982). This usually includes the youngest four or five leaves on a 
stem. 
It has not been established, however, if adult cottonwood leaf 
beetles select preferentially among these leaf age classes for feeding 
and oviposition. In addition, the possible modification of these leaf age 
preferences by clonal specific physical or chemical factors has not 
been considered. Variation in foliar physical characteristics and 
chemical profiles have been found both among leaf age classes and 
among various Populus clones. Direct comparisons of preferences 
among clones therefore must be made among leaves that are in the 
same developmental state. By using the leaf plastochron index (LPI) in 
feeding and oviposition preference tests, an estimate of the 
physiological and morphological development of each of the younger 
leaves could be determined (Erlckson & Michelini 1957, Larson & 
Isebrands 1971, Ceulemans 1990). 
The LPI system is based on the concept that an easily 
measurable leaf characteristic, lamina length, can be correlated with 
several developmental processes for each leaf on a stem (Erickson & 
Michelini 1957, Larson & Isebrands 1971, Ceulemans 1990). The size 
of the smallest leaf that is exhibiting maximum leaf expansion (LPI 0) 
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is determined by plotting leaf lamina length over time (Erickson & 
Michelini 1957, Larson & Isebrands 1971). For the poplars that have 
been examined, the lamina length of the LPI 0 leaf (index leaf) is 3.0 
cm for Populus grown from cuttings (J. D. Isebrands, USDA Forest 
Service, Forestry Sciences Lab, Rhinelander, WI, personal 
communication). Because each successive Populus leaf grows at the 
same relative rate under relatively constant conditions, all leaves on 
the stem can be assigned an LPI designation by counting consecutively 
down the stem from the apex to the base, beginning at the index leaf 
(Erickson & Michelini 1957, Larson & Isebrands 1971). This 
principle holds true for the early stages of leaf growth (Ceulemans 
1990). 
This study was conducted to establish the feeding and 
oviposition preferences among leaf age classes for selected Populus 
that were grown under optimum conditions. Trees were grown under 
optimum greenhouse conditions to minimize exposure to factors that 
could trigger chemical or physical modifications in the leaf tissue. 
Because both qualitative and quantitative changes in foliar chemical 
constituents can result from damage, whole potted trees were used 
instead of excised leaves or leaf discs. By conducting these preference 
trials under controlled conditions, a precise determination of the 
feeding and oviposition preferences among the selected clones and 
among leaf age classes could be made. 
The development of new Populus selections for use in short 
rotation plantings dictates the need for accurate screening methods 
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for resistance to pests. The determination of the developmental state 
of the most preferred leaves could serve as the basis for a new 
technique for identifying resistance. Comparisons of the chemical and 
physical characteristics between preferred and nonpreferred leaf age 
classes may develop into screening techniques that can be used to 
identify natural resistance among Populus selections. 
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MATERIALS AND METHODS 
Six Populus clones were selected for both the multiple-choice 
and no-choice preference studies. The clones were chosen on the 
basis of their reported degree of resistance to cottonwood leaf beetle 
feeding and oviposition, exhibiting a wide range of resistance, from 
highly susceptible to relatively resistant (Caldbeck et al. 1978, Wilson 
1979, Harrell 1980, Harrell et al. 1981, Moore & Wilson 1983, 
Haugen 1985). Section Aigeiros was represented by three clones: NC-
5322, a P. X euramericana hybrid (P. deltoides x P. nigra): NC-5264, a 
P. deltoides var. angulata x P. nigra var. plantierensis hybrid; and IS-
31, a P. deltoides clone of local origin. The Tacamahaca section 
included a 100% Tacamahaca clone NC-5260, P. tristis x P. 
balsamifera. Two intersectional hybrids were used: NC-5334, a P. x 
interamericana hybrid (P. deltoides var. angulata x P. trichocarpa) of 
50% Tacamahaca and 50% Aigeiros parentage; and NC-5263, a P. 
balsamifera var. candicans x P. x berolinensis cross of 25% Aigeiros 
and 75% Tacamahaca parentage. 
All trees were grown from softwood cuttings taken from stock 
plants. The IS-31 stock plants were derived from greenhouse stock 
and the other clones were established from rooted whips obtained in 
1985 from the North Central Experiment Station, Rhinelander, WI. 
Four stock plants for each clone were grown so that physiological and 
morphological variations among individuals of the same clone could be 
separated from those occurring among different clones. Softwood 
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cuttings were taken from stem sections of all four stock plants for 
each clone (Faltonson 1983, Faltonson et al. 1983). All cuttings 
received a hormonal treatment (500 ppm for 5 sec) with IBA 
(indolebutyric acid) to enhance root formation (Hartmann & Rester 
1983). The cuttings were rooted in peat pellets placed on a bench 
equipped with an overhead intermittent mist system (Faltonson 1983, 
Faltonson et al. 1983). These cuttings remained on the mist bench for 
approximately 2 wk until roots emerged from the peat pellets. The 
rooted cuttings were planted in 13 cm diameter plastic pots using an 
artificial medium consisting of one part each of vermiculite, perlite, 
and milled peat. A a slow release fertilizer, Megamp® (W. R. Grace 
and Co., Allentown, PA) was added to the mix at a rate of 6.5 lbs per 
12 cu ft of mix. The trees were placed in a randomized block 
arrangement on benches within a single greenhouse bay with a 
photoperiod of 16:8 L:D. Fertilization was performed on a weekly basis 
with a 20-10-20 (nitrogen-phosphorus-potassium) water soluble 
fertilizer (Peters® Fertilizer Products, W. R. Grace and Co., Allentown, 
PA). Spider mite infestations were controlled with a weekly 
application of Pentac Aquaflow® (Sandoz Crop Protection Corporation, 
Des Plaines, IL) because the presence of this miticide on the Populus 
leaves does not adversely affect the beetles. Temperature, moisture, 
and net radiation, were monitored using a hygrothermograph and a 
net radiometer. Because of greenhouse space limitations the trees 
were grown in two sets, each set containing trees for three 
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replications of the multiple-choice tests and two replications of the 
no-choice tests. 
Trees were used in the trials after they had reached the ten leaf 
stage but were less than 60 cm tall. Using the LPI designation, the 
trees had at least ten leaves whose lamina length was larger than 3.0 
cm (Erickson & Michelini 1957, J. G. Isebrands, U. S. Dept. Agric. For. 
Ser., Forestry Sciences Lab, Rhinelander, WI, personal 
communication). The trees from all four stock plants for each clone 
were pooled and the trees used in the tests were selected randomly 
from the individuals in these pools. Trees that exhibited deformity or 
had received mechanical or insect damage were discarded. 
The source of the cottonwood leaf beetle adults was a laboratory 
colony established and replenished periodically from a local 
population. The beetles were fed a mixture of fresh leaves daily from 
food trees of all six clones used in the tests to lessen the possible 
impact of induction on host selection behavior (Dethier 1982). The 
colony was maintained in a Percival® (Percival Mfg. Company, Boone, 
lA) growth chamber with a 16:8 L:D photoperiod and a corresponding 
temperature regime of 22:16° C L:D. 
Beetles used in the screening trials were chosen randomly from 
sexually mature adults. Maturity was determined by the distinctive red 
coloration on the elytral margins of both sexes (Guthrie 1931) and the 
swollen abdomen of gravid females (Burkot 1978). Mating pairs were 
selected to simplify sex determination. All adults were approximately 
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5-d old when used and each female had already experienced one 
oviposition event. 
Six wooden frame cages covered with nylon mesh screening and 
overall measurements of 1.1 x 0.9 x 0.9 m (height x width x depth) 
were used to contain the trees and insects. The cages were located on 
benches inside a greenhouse bay in which the photoperiod was 
maintained at 16:8 L:D. 
For the multiple-choice tests, trees of all six Populus clones 
were included in each cage. These trials were used to determine if 
the host plant resistance of some of the clones was due to 
nonpreference (antixenosis), because the beetles were allowed to 
discriminate among the clones and leaf age classes for both feeding 
and oviposition. Trees of only one clone were placed into each cage 
for the no-choice tests to examine modifications in the feeding and 
oviposition behavior caused by the presence of nonpreferred clones. 
Trees were arranged in a circular pattern within the cage for 
both types of tests, each position having an assigned number. All trees 
were assigned randomly to the type of test, replication, cage, and 
position within a cage. The trees were spaced so there was no 
overlapping foliage from adjacent trees. Beetles were introduced into 
the cages from petrl dishes containing 10 adults (5 males and 5 
females) that were placed in the center of the circle of trees. In this 
way, all trees were approximately equidistant from the beetle release 
areas. The duration of each replication for both types of trials was 3 d, 
during which time the trees were watered on a dally basis. 
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For each replication of the multiple-choice tests, two trees for 
each of the six clones were placed into each cage for a total of 12 trees 
per cage. Seventy two trees were used per replication, twelve of each 
clone. Six replications were conducted. 
Six trees of a single clone were placed into one of the six cages 
for each replication of the no-choice tests, for a total of 36 trees per 
replication. Four replications were performed. 
The size (relative age), using the LPI designations, of each tree 
was recorded at both the beginning and end of each replication. The 
numerical value of the oldest leaf on the stem was recorded as the age 
of the tree. The cage number and position within the cage were 
recorded for each tree in each replication. 
At the end of the 3 d, all leaves on each tree were examined for 
the presence of egg masses. Clusters containing less than 10 eggs 
were not counted as egg masses. Those with less than ten eggs were 
considered to be incomplete oviposition events and were not counted 
as egg masses. The location of each mass and multiple egg masses was 
recorded according to LPI. 
All leaves were removed from each tree so that the area of 
feeding damage could be calculated. Each leaf was placed in a plastic 
bag labeled with the proper LPI, and all leaves from a single tree were 
sealed in a single freezer bag. The leaves were stored in a freezer to 
maintain their integrity until the measurements were performed. 
The total amount of leaf tissue eaten (in mm^) from each leaf was 
determined using a Delta T area meter (Model MK-2). Partially frozen 
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leaves were arranged on a plexiglass sheet and measured with a high 
resolution video camera attached to the area meter. Any leaves having 
feeding damage were reconstructed after the initial measurement by 
filling in the missing portions with black paint applied to the 
plexiglass sheets. By scanning the reconstructed damaged leaves, a 
total leaf area could be ascertained. These two sets of measurements 
were used to calculate the total amount of feeding damage for each 
leaf. 
Feeding damage was assessed by two separate sets of statistical 
analyses. The total amount of leaf tissue eaten (TOTETN) and the 
percentage of tissue consumed (PCTETN) were examined for each leaf 
age class. PCTETN was calculated by relating the TOTETN figures to 
the estimated total area for each leaf. Preliminary examination of the 
data indicated that approximately 70% of the feeding damage 
occurred on leaves LPI 7 or younger. The data were therefore 
truncated to include damage for only eight leaf age classes, LPI 0 
through LPI 7. 
The data were analyzed using the GLM procedure of the 
Statistical Analysis System (SAS), version 5.18 (SAS Institute 1986). 
To account for any possible replication effect, the tests were blocked 
over time with each replication considered as a block. An analysis of 
variance (ANOVA) using a randomized complete block design with 
each cage as an experimental unit was used to measure the effects of 
replication, cage, and clone on feeding damage. 
80 
Selection for feeding among leaf age classes was examined as a 
series of repeated measurements taken on the individual trees. 
Because of the nature of the subsampling, conservative degrees of 
freedom were employed. In these analyses each individual tree was an 
experimental unit. The relationships between leaf age and feeding and 
the interactions among leaf age, clone, and cage were examined. 
Exact tests were performed to examine possible linear and quadratic 
relationships among damage and leaf age, cage, and clone. 
The oviposition data were not analyzed with ANOVA tests 
because the occurrence of the egg masses could not be assumed to fit 
a normal distribution. Instead, Pearson's chi-square tests were 
performed. The influences of clone, leaf age, and a leaf age by clonal 
interaction on the occurrence of egg masses were analyzed. In 
addition, the relationships between feeding damage, total leaf area, 
and oviposition were examined. The overall TOTETN data were 
divided into seventeen categories of leaf damage ranging from no 
damage to 1400 mm^ eaten (0, 25, 50, 100, 200, 300, 400, 500, 600, 
700, 800, 900, 1000, 1100, 1200, 1300, and 1400 mm2). The 
possible influence of total leaf area on oviposition events was 
investigated using nine categories (500 mm^ intervals from 500 to 
4500 mm2). The overall PCTETN figures were compared to 
oviposition by dividing the leaves into four divisions: no damage, 1%-
10%, ll%-20%, and over 20%. The divisions for the PCTETN tests 
were chosen because a large proportion of the damaged leaves had 
only small amounts of tissue removed. Ten percent or less of the total 
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area was removed from 59.8% of the damaged leaves and only 20.4% 
of the damaged leaves had over 20% of their area eaten. 
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RESULTS 
Feeding Preferences 
The adult beetles discriminated among the six Populus clones 
(Table 1). Significant differences were found in TOTETN (F = 7.8, df = 
5, 391, P > F = 0.00). The degree of susceptibility of the clones to 
feeding was assessed by comparing the mean TOTETN for LPl 0 - LPI 
7 leaves. The largest amount of leaf tissue was eaten from a 100% 
Aigeiros clone, NC-5264, followed by NC-5334, IS-31, NC-5322, NC-
5260 and NC-5263 (Table 2). A portion of the variability (33%) in 
feeding damage among the clones can be attributed to sectional 
parentage. An ANOVA showed that Aigeiros parentage influenced the 
amount of feeding damage (F = 13.9, df - 1, 391, P > F = 0.00) (Table 
1). 
An analysis of PCTETN data did not indicate a significant clonal 
effect (F = 1.5, df = 5,391, P > F = 0.2) (Table 3). The largest LPI 3 
leaves were recorded for clones NC-5322 (4413.9 ± 183.4 mm^) and 
NC-5334 (3367.7 ± 117.4 mm2) (Table 4). The maximum amount of 
tissue eaten from this leaf age was for NC-5334. Although the clones 
with the largest total leaf areas, NC-5264 and NC-5334, exhibited the 
highest total amounts of tissue eaten, clonal differences in leaf size do 
not influence feeding (Tables 2, 4). 
Adult beetles preferentially selected among the leaf age classes 
for feeding. The majority of the feeding occurred on immature leaves 
(LPI 6 or younger). Analyses for both TOTETN (F = 48.6, df = 1, 350, 
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Table 1. Randomized complete block tests for the total leaf area 
eaten data (TOTETN) from the multiple-choice tests with 
degrees of freedom, sum of squares, mean squares, F-
values, and probabilities of greater F-values 
Source df SS MS Fa 
Prob of 
>Fb 
Replication 5 8817498.1 1763499.6 10.7 0.00 
Cage (Rep) 30 1418116.9 47270.6 0.3 0.99 
Clone 5 6405993.6 1281198.7 7.8 0.00 
Aigeiros 1 2288049.0 2288049.0 13.9 0.00 
no Aigeiros 4 4117945.0 1029486.0 6.3 0.00 
Error 
Rep X Clone 25 5676220.8 
Cage X Clone 150 21565878.2 
Position 216 
391 
37121449.2 
64363548.2 164612.6 
^Significant at 0.01 level. 
^Probability of greater F value for Ho: no differences in feeding 
damage among leaf age classes. 
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Table 2. Mean total leaf areas eaten (TOTETN) for all clones from 
the multiple-choice tests by leaf age (LPI) (areas in mean ± 
SEM mm2 ) (n = 72 for each LPI for each clone) 
LPI IS-31 5260 5263 5264 5322 5334 Overall 
0 11.1» 
±3.6 
6.3 
±2.9 
1.8 
±0.6 
1.7a 
±1.0 
11.3 
±3.8 
2.2 
±0.6 
5.7 
± 1.0 
1 67.7 
± 14.8 
45.7 
± 15.2 
20.9 
±7.5 
36.1 
±8.4 
113.8 
±22.0 
62.6 
± 15.2 
57.8 
±6.1 
2 130.3 
±24.3 
115.6 
±32.6 
59.5 
± 12.6 
201.1 
±46.0 
228.5 
±48.4 
219.6 
±36.9 
159.1 
± 14.8 
3 217.5 
±35.2 
182.9 
±42.0 
91.7 
±23.8 
329.2 
±47.5 
279.4 
±49.2 
334.7 
±59.0 
239.2 
± 18.4 
4 209.8 
±36.8 
173.7 
±41.8 
135.7 
±34.7 
499.5 
±82.7 
119.0 
±27.3 
229.7 
±38.4 
227.9 
±20.1 
5 195.2 
±45.8 
141.2 
±37.2 
123.3 
±28.1 
307.0 
±50.6 
106.0 
±26.2 
125.2 
±27.4 
166.3 
± 15.4 
6 98.0 
±26.7 
37.9 
± 12.6 
111.6 
±30.0 
204.9 
±41.7 
14.3 
±6.5 
96.2 
±46.7 
93.8 
± 12.9 
7 
Mean 
eaten 
/leaf 
40.1 
± 12.3 
121.4 
± 10.4 
26.23 
± 12.3 
91.3 
± 10.4 
80.1 
±31.1 
78.1 
±8.7 
105.9 
±24.8 
211.0 
± 17.1 
0.1 
±0.1 
109.0 
± 11.0 
21.3 
±7.6 
136.4 
± 12.9 
46.0 
±7.5 
124.5 
±5.0 
an = 71. 
85 
Table 3. Randomized complete block tests for the percent leaf 
eaten data (PCTETN) from the multiple-choice tests with 
degrees of freedom, sum of squares, mean squares, F-
values, and probabilities of greater F-values 
Prob of 
SOURCE df SS MS pa > pb 
Replication 5 14283.0 2856.6 10.8 0.00 
Cage (Rep) 30 5148.0 171.6 0.7 0.92 
Clone 5 1954.0 390.8 1.5 0.20 
Algelros 1 768.1 768.1 2.9 0.09 
no Algelros 4 1185.9 296.5 1.1 0.35 
Error 
Rep X Clone 25 7995.0 
Cage X Clone 150 34429.0 
Position 21Q 
391 
61005.0 
103429.0 264.5 
^Significant at 0.01 level. 
^Probability of greater F value for Hq: no differences in feeding 
damage among leaf age classes. 
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Table 4. Mean total leaf areas in mm^ ± SEM for all clones from the 
multiple-choice tests by leaf age (LPI) (n = 72 for each LPI 
for each clone) 
LPI IS-31 5260 5263 5264 5322 5334 Overall 
0 227.3% 
±14.2 
195.7 
± 13.5 
136.9 
±9.5 
117.0% 
±9.2 
213.9 
±14.9 
159.2 
± 13.0 
175.0 
±5.5 
1 682.5 
±32.5 
662.7 
±37.4 
448.3 
±20.4 
604.2 
±33.8 
954.4 
±55.2 
673.5 
±35.2 
670.9 
± 16.7 
2 1371.6 
±55.5 
1317.3 
±55.2 
933.7 
±36.7 
1432.6 
±72.7 
2530.8 
± 121.4 
1808.3 
±74.3 
1565.7 
±38.6 
3 2387.4 
±75.0 
2258.6 
±76.1 
1657.5 
±54.9 
2816.9 
± 105.1 
4413.9 
± 183.0 
3367.7 
± 117.4 
2817.0 
±61.7 
4 3461.9 
± 109.9 
3185.0 
±89.2 
2383.2 
±68.0 
4870.5 
± 145.2 
5504.8 
±231.2 
4910.6 
± 136.8 
4052.7 
±78.1 
5 3954.8 
± 133.7 
3695.7 
± 102.0 
3015.8 
±89.8 
6016.3 
± 163.3 
5547.5 
± 285.3 
5970.1 
± 220.5 
4700.0 
±92.7 
6 4504.1 
± 161.7 
4191.9 
± 149.9 
3481.3 
± 114.0 
7319.8 
± 213.8 
5283.9 
±312.5 
6410.4 
±214.1 
5198.6 
± 104.5 
7 4441,6 
± 213.9 
4276.4% 
± 183.9 
3527.8 
± 142.3 
7582.6 
±243.3 
4302.3 
±300.7 
6337.8 
±233.6 
5080.0 
± 114.0 
total 
area 
2633.1 
±78.6 
2469.8 
±72.4 
1948.1 
±59.8 
3851.5 
± 127.9 
3593.9 
± 111.9 
3704.7 
± 113.9 
3033.5 
±41.5 
an = 71. 
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P > F = 0.00) (Table 5) and PCTETN (F = 49.7, df = 1, 350, F > F = 
0.00) (Table 6) confirm this selection behavior. The most preferred 
leaf age was LPI 3 for TOTETN (Table 2) and LPI 2 for PCTETN, with 
LPI 3 nearly as preferred (Table 7). 
The amount of feeding damage seems to increase with leaf age to 
a maximum (occurring at the most preferred leaf age) and then 
decline sharply for both TOTETN (Figure 1) and PCTETN (Figure 2) 
The relationship between leaf age and feeding damage can be 
explained by both linear and quadratic models (Table 5, 6). The linear 
model is adequate for TOTETN (F = 39.9, df = 1, 391, P > F = 0.00) 
and PCTETN (F = 281.3, df = 1, 391, P > F = 0.00) but the quadratic 
model explains most of the variance in feeding damage caused by leaf 
age (91% for TOTETN and 79% for PCTETN). The fit of the quadratic 
model was highly significant for TOTETN (F = 363.9, df = 1, 391, P > 
F = 0.00) and PCTETN (F = 172.5, df = 1, 391, P > F = 0.00). The 
lack of fit test also was significant for both TOTETN (F = 5.5, df = 5, 
1955, P > F = 0.00) and PCTETN (F = 14.9, df = 5. 1955, P > F = 
0.00). The results of the lack of fit analyses can probably be attributed 
to the large size of the data set. 
The amount of feeding damage among difierent leaf age classes 
also varies among the clones (Table 5, 6). A significant clonal 
interaction with the leaf age classes was found for both TOTETN (F = 
4.3, df = 5, 350, P > F = 0.00) and PCTETN (F = 2.7. df = 5,350, P > F 
= 0.02). The amount of leaf tissue eaten ranged from a mean of 499.5 
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Table 5. Analysis of variance for total leaf area eaten data (TOTETN) 
from multiple-choice tests including degrees of freedom, 
conservative degrees of freedom (Cdf), sum of squares, 
mean squares, F-values, and probabilities of greater F-
values 
SOURCE df Cdf SS MS pa Prob 
>Fb 
CONSERVATIVE DF 
Leaf Age 7 1 22695703.0 22695703.0 48.6 0.00 
Age X  Cage (Rep) 280 40 17472352.0 436809.0 0.9 0.59 
Age X Clone 35 5 10086501.0 2017300.0 4.3 0.00 
Error 2447 350 163245898.0 466989.0 
EXACT TESTS 
Leaf Age 
Linear 
Quadradic 
Lack of Fit 
1 
1 
5 
571780.0 
20181019.0 
1943104.0 
571780.0 
20181019.0 
382621.0 
39.9 
363.9 
5.5 
0.00 
0.00 
0.00 
Age X Cage 
Linear 35 
Quadratic 35 
Lack of Fit 175 
659749.0 
4402010.0 
12410594.0 
18850.0 
125772.0 
59098.0 
1.3 
2.3 
0.9 
0.12 
0.00 
0.88 
Age X Clone 
Linear 5 
Quadratic 5 
Lack of Fit 25 
771548.0 
2212095.0 
7102858.0 
154310.0 
442419.0 
284114.0 
10.8 
8.0 
4.1 
0.00 
0.00 
0.00 
Error Terms 
Linear 391 5599825.0 14321.8 
Quadratic 391 21680976.0 55450.1 
Lack of Fit 1955 135965097.0 69547.4 
^Significant at 0.01 level. 
^Probability of greater F value for Ho: no differences in feeding 
damage among leaf age classes. 
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Table 6. Analysis of variance for percent leaf eaten data (PCTETN) 
from multiple-choice tests including degrees of freedom, 
conservative degrees of freedom (Cdf), sum of squares, 
mean squares, F-values, and probabilities of greater F-
values 
SOURCE df Cdf SS MS Fa Prob 
>Fb 
CONSERVATIVE DF 
Leaf Age 
Age X Cage (Rep) 
Age X Clone 
Error 
7 
280 
35 
2447 
1 
40 
5 
350 
31756.0 
25889.0 
8674.0 
223831.0 
31756.0 
647.2 
1734.8 
639.5 
49.7 
1.0 
2.7 
0.00 
0.46 
0.02 
EXACT TESTS 
Leaf Age 
Linear 
Quadradlc 
Lack of Fit 
1 
1 
5 
9593.2 
15479.2 
6683.3 
9593.2 
15479.2 
1337.0 
281.3 
172.5 
14.9 
0.00 
0.00 
0.00 
Age X Cage 
Linear 
Quadratic 
Lack of Fit 
35 
35 
175 
2713.0 
5358.4 
17817.7 
77.5 
153.1 
101.8 
2.3 
1.7 
1.1 
0.00 
0.01 
0.17 
Age X Clone 
Linear 
Quadratic 
Lack of Fit 
5 
5 
25 
759.7 
1080.7 
6833.4 
151.9 
216.1 
273.3 
4.5 
2.4 
3.1 
0.00 
0.04 
0.00 
Error Terms 
Linear 
Quadratic 
Lack of Fit 
391 
391 
1955 
13334.0 
35090.0 
175407.0 
34.1 
89.7 
89.7 
^Significant at 0.01 level. 
^Probability of greater F value for Ho: no differences in feeding 
damage among leaf age classes. 
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Table 7. Mean percent leaves eaten (PCTETN) for all clones from 
multiple-choice tests by leaf age (LPI) (areas in mean % ± 
SEM) (n=72 for each LPI for each clone) 
LPI IS-31 5260 5263 5264 5322 5334 Overall 
0 S.oa 
±1.5 
3.4 
± 1.5 
1.7 
±0.7 
0.7a 
±0.3 
4.3 
±1.1 
1.0 
±0.3 
2.7 
±0.4 
1 8.9 
±1.8 
5.6 
± 1.7 
5.1 
± 1.7 
49 
± 1.1 
11.4 
±2.1 
7.5 
± 1.6 
7.2 
±0.7 
2 9.5 
±1.6 
8.1 
±2.0 
7.2 
± 1.7 
11.6 
±2.1 
8.1 
± 1.4 
11.6 
± 1.8 
9.4 
±0.7 
3 10.4 
±1.7 
8.0 
± 1.8 
5.5 
± 1.3 
11.1 
± 1.5 
7.3 
± 1.5 
9.0 
± 1.3 
8.5 
±0.6 
4 6.6 
±1.2 
5.7 
± 1.5 
5.8 
± 1.5 
10.5 
± 1.7 
1.8 
±0.4 
4.5 
±0.7 
5.8 
±0.5 
5 5.4 
± 1.3 
3.7 
± 1.0 
4.3 
± 1.0 
48 
±08 
1.5 
±0.3 
2.1 
±0.5 
3.6 
±0.4 
6 1.9 
±0.5 
0.8 
±0.3 
2.8 
±0.7 
2.8 
±0.6 
0.2 
±0.1 
1.3 
±0.5 
1.6 
±0.2 
7 0.7 
±0.2 
0.5a 
±0.2 
1.8 
±0.6 
1.3 
±0.3 
0.0 
±0.0 
0.3 
±0.1 
0.8 
±0.1 
Mean 
eaten 
/leaf 
6.0 
±0.5 
4.5 
±0.5 
4.3 
±0.4 
6.0 
±0.5 
4.3 
±0.4 
4.7 
±0.4 
5.0 
±0.2 
an = 71. 
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Figure 1. Mean total leaf areas eaten (TOTETN) for all clones from 
the multiple-choice tests by leaf age (LPI) (areas in mean ± 
SEM mm2) (n = 72 trees for each LPI for each clone) 
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Figure 2. Mean total percent leaf areas eaten (PCTETN) for all 
clones from the multiple-choice tests by leaf age (LPI) 
(areas in mean % ± SEM) (n = 72 trees for each LPI for 
each clone) 
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± 82.7 mm2 for LPI 4 leaves from NC-5264 to 135.7 ± 34.7 mm^ for 
LPI 4 leaves from NC-5263 (Table 2). For clones NC-5263 and NC-
5264. the greatest TOTETN was from LPI 4 leaves but the data for the 
other four clones Indicated that LPI 3 was most preferred. The 
PCTETN varied from 11.6 ± 1.8% for LPI 2.0 from NC-5334 to 7.2 ± 
1.7% for LPI 2 from NC-5263 (Table 7). The largest PCTETN 
occurred on LPI 1 leaves from NC-5322 and on LPI 3 leaves from IS-
31. For LPI 2 and LPI 3 from NC-5264, the PCTETN amounts were 
nearly equal. The remaining three clones, NC-5260, NC-5263, and 
NC-5334, had the highest PCTE^TN for LPI 2 leaves. 
The influence of the clone and leaf age interaction on leaf 
feeding can be described by both linear and quadratic models (Table 5, 
6). The linear model is adequate to explain TOTETN (F = 10.8, df = 5, 
391, P > F = 0.00) and PCTETN (F = 4.5, df = 5, 391, P > F = 0.00), 
but the quadratic model seems to be the most appropriate (F = 8.0, df 
= 5, 391, P > F = 0.00 and F = 2.4, df = 5, 391, P > F = 0.04, 
respectively). Lack of fit tests for both TOTETN and PCTETN are 
significant (F = 4.1, df = 25, 1955, P > F = 0.00 and F = 3.1, df = 25, 
1955, P > F = 0.00 respectively), but this can probably be attributed to 
the large size of the data set for these tests. 
Signiflcant differences in feeding due to replication were 
suggested for TOTETN (F = 10.7, df = 5, 391, P > F = 0.00) (Table 1) 
and PCTETN (F = 10.8, df = 5, 391, P > F = 0.00) (Table 3). There 
was no cage effect for either TOTETN (F = 0.3, df = 30, 391, P > F = 
0.99) or PCTETN (F = 0.7, df = 30, 391, P > F = 0.92). 
No clonal preferences for feeding were indicated by the no-
choice data. There were no significant differences in feeding among 
the clones for either TOTETN (F = 0.6, df = 5, 115, P > F = 0.70) 
(Table 8) or PCTETN (F= 1.4, df = 5, 115, P > F = 0.20) (Table 9). 
The amount of tissue consumed in the no-choice tests did not differ 
from that consumed In the multiple-choice tests (t = -0.2, df = 58, P > 
111 = 0.82). In addition, the variability in feeding damage could not be 
attributed to sectional parentage for either TOTETN (F = 1.6, df = 1, 
115, P > F = 0.210) or PCTETN (F =0.3, df = 1, 115, P > F =0.57) 
(Tables 8, 9). 
The beetles did preferentially feed on leaves of specific age 
classes (Tables 10, 11). This selection was indicated for TOTETN (F = 
50.9, df = 1, 16, P > F = 0.00) and PCTETN (F = 96.6, df = 1, 16, P > F 
= 0.00). Feeding damage was not influenced by a clonal interaction 
with leaf age for either TOTETN (F = 0.9, df = 7, 16, P > F = 0.50) or 
PCTETN (F = 0.1, df = 7, 16, P > F = 0.99). Total amounts of leaf 
tissue eaten (TOTETN) for the most preferred leaves ranged from a 
high of 754.4 ± 111.2 mm^ from IS-31 to a low of 459.7 ± 97.6 mm^ 
from NC-5260 (Table 12). According to the overall TOTETN data for 
each leaf age class, LPI 3 leaves were most highly preferred, with a 
mean of 585.4 ± 53.3 mm^ tissue removed. Clonal variations were 
found in the most preferred leaf age classes. One clone, NC-5263, 
received the most feeding damage on LPI 4 leaves, while LPI 3 leaves 
were preferred for the other five clones. The clones having the 
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Table 8. Randomized complete block tests for the total leaf area 
eaten data (TOTETN) from the no-choice tests with 
degrees of freedom, sum of squares, mean squares, F-
values, and probabilities of greater F-values 
SOURCE df SS MS Fa 
Prob of 
>Fb 
Replication 3 3677098.3 1225699.1 3.1 0.03 
Clone 5 1222317.7 2444463.5 0.6 0.69 
Aigeiros 1 621894.0 621894.0 1.6 0.21 
no Aigeiros 4 600424.0 600424.0 0.3 0.57 
Rep X Clone 15 1327207.7 880480.5 
Position 5 1180789.3 236157.9 
Error 
Clone X Pos 115 45506644.1 395710.0 
^Significant at 0.01 level. 
^Probability of greater F value for Ho: no differences in feeding 
damage among leaf age classes. 
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Table 9. Randomized complete block tests for the percent leaves 
eaten data (PCTETN) from the no-choice tests with 
degrees of freedom, sum of squares, mean squares, F-
values, and probabilities of greater F-values 
SOURCE df SS MS pa 
Prob of 
> Fb 
Replication 3 10804.3 3601.4 7.4 0.00 
Clone 5 3289.5 657.9 1.4 0.25 
Algelros 1 154.4 154.4 0.3 0.57 
no Algelros 4 3135.0 783.8 1.6 0.18 
Rep X Clone 15 4856.9 323.8 0.66 0.82 
Position 5 3360.6 672.1 1.38 0.24 
Error 
Clone X Pos 115 56141.2 488.2 
^Significant at 0.01 level. 
^Probability of greater F value for Ho: no differences in feeding 
damage among leaf age classes. 
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Table 10. Analysis of variance for total leaf area eaten data (TOTETN) 
from no-choice tests including degrees of freedom, 
conservative degrees of freedom (Cdf), sum of squares, 
mean squares, F-values, and probabilities of greater F-
values 
SOURCE df Cdf ss MS pa Prob 
> F b  
CONSERVATIVE DF 
Leaf Age 
Age X Clone (Rep) 
Error 
7 
49 
112 
1 
7 
16 
43597232.0 
5633603.0 
13704332.0 
43597232.0 
804800.4 
856520.8 
50.9 
0.9 
0.00 
0.50 
EXACT TESTS 
Leaf Age 
Linear 
Quadradic 
Lack of Fit 
1 
1 
5 
68234.1 
36082598.9 
7446400.9 
68234.1 
36082598.9 
1489280.2 
0.7 
476.0 
15.4 
0.43 
0.00 
0.00 
Age X Clone 
Linear 
Lack of Fit 
Quadratic 
Lack of Fit 
5 
35 
5 
30 
1262570.0 
4371034.0 
439801.9 
3931232.4 
252514.0 
124887.0 
87960.4 
131041.1 
2.4 
1.3 
1.2 
1.4 
0.08 
0.13 
0.37 
0.13 
Error Terms 
Linear 
Lack of Fit 
Quadratic 
Lack of Fit 
18 
126 
18 
108 
1874440.9 
11829893.0 
1364592.7 
104465300.1 
104135.6 
93888.0 
75810.7 
967271.3 
^Significant at 0.01 level. 
^Probability of greater F value for Hq: no differences in feeding 
damage among leaf age classes. 
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Table 11. Analysis of variance for percent leaves eaten data 
(PCTOTN) from no-choice tests including degrees of 
freedom, conservative degrees of freedom (Cdf), sum of 
squares, mean squares, F-values, and probabilities of 
greater F-values 
SOURCE df Cdf ss MS Fa Prob 
> F b  
CONSERVATIVE DF 
Leaf Age 
Age X Clone (Rep) 
Error 
7 
49 
112 
1 
7 
16 
54611.3 
9481.0 
9047.5 
54611.3 
1354.4 
565.5 
96.6 
0.1 
0.00 
0.99 
EXACT TESTS 
Leaf Age 
Linear 
Quadradlc 
Lack of Fit 
1 
1 
5 
8979.0 
33674.8 
11957.5 
8979.0 
33674.8 
2391.5 
44.0 
164.0 
15.4 
0.00 
0.00 
0.00 
Age X Clone 
Linear 
Lack of Fit 
Quadratic 
Lack of Fit 
5 
35 
5 
30 
2665.2 
6815.6 
986.6 
5829.0 
533.0 
194.7 
197.3 
194.3 
2.6 
1.2 
1.0 
1.3 
0.06 
0.23 
0.47 
0.20 
Error Terms 
Linear 
Lack of Fit 
Quadratic 
Lack of Fit 
18 
126 
18 
108 
3673.4 
20482.4 
3695.9 
16786.5 
204.1 
162.6 
205.3 
155.4 
^Significant at 0.01 level. 
^Probability of greater F value for Hg: no differences in feeding 
damage among leaf age classes. 
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Table 12. Mean total leaf areas eaten (TOTETN) for all clones from 
the no-choice tests by leaf age (LPI) (areas in mean ± SEM 
mm2) (n = 24 for each LPI for each clone) 
LPI IS-31 5260 5263 5264 5322 5334 Overall 
0 6.5 
±2.8 
0.6 
±0.6 
3.7 
±2.8 
0.2 
±0.2 
18.oa 
± 14.9 
15.5 
±8.7 
7.3 
±2.9 
1 131.2 
±28.3 
27.2 
±13.1 
57.5 
±26.3 
48.1 
±17.9 
135.2 
±29.9 
108.1 
±39.8 
84.5 
±11.5 
2 326.3 
±66.8 
246.2 
±77.5 
214.5 
±73.1 
276.9 
±86.0 
420.7 
±65.5 
374.5 
±68.4 
309.8 
±30.0 
3 754.4a 
± 111.2 
459.8 
±97.6 
477.1 
± 164.6 
714.7 
±183.4 
567.7 
±88.5 
545.8 
± 109.5 
585.4 
±53.3 
4 439.6 
± 102.7 
368.7 
±93.4 
510.0 
± 102.0 
622.8 
± 135.2 
453.4 
±95.2 
280.3 
±77.2 
445.8 
±42.1 
5 280.9 
±89.5 
287.8 
± 101.4 
476.0 
± 105.0 
345.8 
± 141.7 
343.4 
±150.5 
116.9 
±39.8 
308.5 
±45.3 
6 103.0 
±36.8 
162.5 
±84.1 
203.2 
±70.1 
212.3 
±98.3 
62.0 
±32.5 
61.0 
±40.9 
134.0 
±26.8 
7 
Mean 
eaten 
/leaf 
42.4 
±33.2 
257.95 
± 29.21 
47.0 
±28.6 
200.0 
±27.8 
95.1 
±31.1 
254.6 
±33.2 
8.1 
±8.1 
278.6 
±41.1 
8.3 
±5.0 
252.3 
±30.4 
10.1 
±5.4 
189.0 
±24.2 
35.2 
±9.4 
238.7 
± 12.8 
an = 23. 
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largest LPI 3 leaves, NC-5322 and NC-5334, did not experience the 
most feeding damage (Tables 12, 13). 
The highest PCTETN from the most preferred leaves was 27.5 ± 
4.2% from IS-31, and NC-5334 experienced the least damage with 
only 19.0 ± 3.5% removed (Table 14). When the PCTETN data for all 
six clones were combined, the most preferred leaf age class was LPI 3 
(19.7 ± 1.6%) and LPI 2 leaves were fed upon almost as heavily (18.9 ± 
1.7%). Clonal variation in feeding damage among the age classes was 
indicated. Two clones, NC-5322 and NC-5334, had the largest 
PCTETN for LPI 2 leaves, with the other five clones exhibiting 
maximum tissue loss from LPI 3 leaves. 
Feeding damage in the no-choice tests also seemed to increase 
with leaf age up to a maximum and then decline rapidly (Figure 3, 4). 
A linear relationship between leaf age and feeding damage was not 
found for TOTETN (F = 0.7, df= 1, 18, P > F = 0.43) (Table 10) but 
PCTETN could be explained adequately by this model (F = 44.0, df = 1, 
18, P > F = 0.00) (Table 11). The quadratic model represented both 
TOTETN (F = 475.96, df = 1, 18, P > F = 0.0001) and PCTETN (F = 
164.00, df = 1, 18, P > F = 0.0001). The lack of fit tests were 
significant for both TOTETN (F = 15.37, df = 5, 108, P > F = 0.0001) 
and PCTETN (F = 15.37, df = 5, 108, P > F = 0.0001), probably 
because of the large size of the data sets. 
The relationship of feeding damage with the interaction between 
leaf age and clone also was analyzed with exact tests for fit to a model 
(Tables 10, 11). The TOTETN and PCTETTN data fit a linear model (F 
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Table 13. Mean total leaf areas in mm2 ± SEM for all clones from no-
choice data by leaf age (LPI) (n = 24 for each LPI for each 
clone) 
LPI IS 31 5260 5263 5264 5322 5334 Overall 
0 241.7 
± 19.6 
153.9 
± 17.6 
122.9 
± 13.5 
79.3 
± 12.8 
181.6* 
±31.3 
152.7 
±20.1 
155.2 
±9.0 
1 812.1 
±58.5 
547.2 
±43.9 
475.9 
±37.5 
667.9 
± 106.7 
811.5 
±90.8 
889.2 
± 129.1 
700.6 
±36.2 
2 1706.0 
± 145.5 
1428.8 
± 116.4 
1319.2 
± 151.4 
1764.4 
± 159.2 
2202.9 
±214.9 
2382.6 
±200.0 
1800.6 
±74.6 
3 3105.63 
± 185.0 
2618.0 
±261.2 
2396.6 
±266.2 
3481.9 
± 273.4 
4225.8 
± 282.4 
4068.3 
± 270.0 
3317.5 
± 118.8 
4 4008.2 
±301.9 
3346.0 
±233.7 
3227.5 
±263.9 
4952.2 
±340.4 
5315.9 
± 542.5 
5198.0 
±336.3 
4341.3 
± 157.9 
5 4142.5 
±318.4 
4133.0 
±291.7 
3814.8 
±293.0 
5579.9 
±380.0 
5928.9 
± 462.4 
5662.1 
± 352.2 
4876.9 
± 159.4 
6 4539.8 
±360.5 
4497.7 
±294.1 
4066.2 
±293.8 
5871.1 
± 425.3 
5193.3 
±454.3 
5359.0 
± 285.5 
4921.2 
± 152.6 
7 3936.0 
±407.0 
4214.4 
±319.1 
4328.0 
±327.1 
5284.0 
±372.7 
4380.0 
± 379.7 
5319.3 
±254.3 
4576.9 
± 146.1 
Total 2809.9 
± 145.2 
2617.4 
± 140.5 
2468.9 
± 138.7 
3460.1 
± 187.8 
3547.5 
± 191.9 
3628.9 
± 172.7 
3088.6 
±68.3 
an = 23. 
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Table 14. Mean percent leaves eaten (PCTETN) for all clones from 
the no-choice tests by leaf age (LPI) (areas In mean % ± 
SEM) (n = 24 for each LPI for each clone) 
LPI 18-31 5260 5263 5264 5322 5334 Overall 
0 2.7 0.4 2.5 0.1 5.1a 5.3 2.7 
± 1.0 ±0.4 ± 1.6 ±0.1 ±3.1 ±3.0 ±0.8 
1 18.5 6.3 9.7 7.5 17.9 9.6 11.6 
±4.2 ±3.4 ±4.1 ±3.8 ±3.9 ±2.6 ±1.5 
2 22.9 17.5 17.4 14.6 22.1 19.0 18.9 
±4.6 ±4.9 ±4.3 ±4.0 ±3.4 ±3.5 ±1.7 
3 27.5a 21.4 20.1 20.2 14.8 14.4 19.7 
±4.2 ±4.5 ±4.4 ±4.2 ±2.3 ±2.6 ± 1.6 
4 13.6 12.6 17.7 14.0 9.5 5.2 12.1 
±3.6 ±3.5 ±3.3 ±3.2 ±2.2 ± 1.3 ± 1.2 
5 7.8 7.1 14.8 5.2 5.5 2.0 7.1 
±2.8 ±2.5 ±3.7 ± 1.9 ±2.1 ±0.7 ±1.1 
6 2.3 3.4 5.0 3.2 1.1 1.0 2.7 
±0.8 ± 1.7 ±1.6 ± 1.5 ±0.6 ±0.7 ±0.5 
7 0.9 0.9 2.1 0.1 0.2 0.2 0.7 
±0.6 ±0.5 ±0.7 ±0.1 ±0.1 ±0.1 ±0.2 
Mean 
eaten 12.0 8.7 11.2 8.1 9.5 7.1 9.4 
/leaf ± 1.3 ± 1.2 ±1.2 ±1.1 ± 1.0 ±0.9 ±0.5 
an = 23. 
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Figure 3. Mean total leaf areas eaten (TOTETN) for all clones from 
the no-choice tests by leaf age (LPI) (areas in mean ± SEM 
mm2) (n = 24 for each LPI for each clone) 
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Figure 4. Mean total percent leaf areas eaten (PCTETN) for all 
clones from the no-choice tests by leaf age (LPI) (areas in 
mean % ± SEM) (n = 24 for each LPI for each clone) 
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= 2.4, df = 5, 18. P > F = 0.08 and F = 2.6, df = 5, 18, P > F = 0.06, 
respectively). The lack of fit data were not significant for TOTETN (F 
= 1.3, df = 35, 126, P > F = 0.13) or PCTETN (F = 1.2, df = 35, 126, P 
> F = 0.23). 
Replication had an effect on the amount of feeding damage for 
TOTETN (F = 3.1, df = 3, 115, P > F = 0.03) (Table 8) and PCTETN (F 
= 7.4, df = 3, 115, P > F = 0.00) (Table 9). No analysis was conducted 
for a possible cage effect, because comparisons among cages would be 
tests among clones in a no-choice design. 
Oviposition Preferences 
The results of the multiple-choice tests established that female 
adults preferred to oviposit on leaves of specific ages (Table 15). The 
distribution of egg masses was influenced significantly by leaf age (%2 = 
150.2, df = 12, P > = 0.00). LPI 3 and LPI 4 leaves were the most 
preferred with 40 egg masses on each. Two other leaf age classes, LPI 
2 and LPI 5, were almost as highly preferred (36 and 37 egg masses, 
respectively). 
Discrimination by the females among the clones also was 
suggested (%2 = 20.4, df = 5, P > = o.OO). The most preferred clone 
was NC-5264 with 69 egg masses and NC-5260 was least preferred 
with only 36 masses (Table 15). 
Of the 286 egg masses laid, 24 were deposited on leaves having 
at least one other mass. The presence of one egg mass, however, did 
not affect the occurrence of another mass on the same leaf. The 
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Table 15. Number of egg masses for all clones from the multiple-
choice tests by leaf age (LPI) 
LPI IS 31 5260 5263 5264 5322 5334 LPI 
totals 
0 1 0 1 0 0 0 2 
1 1 4 0 1 6 0 11 
2 7 7 4 8 5 7 36 
3 7 5 5 4 13 8 40 
4 3 3 6 9 11 15 40 
5 8 3 4 8 4 11 37 
6 5 7 2 11 5 9 33 
7 2 2 2 8 4 3 18 
8 2 3 2 7 1 5 18 
9 2 1 4 4 0 1 12 
10 0 0 1 3 1 1 6 
11 1 0 2 2 1 0 6 
12 1 0 0 2 0 0 3 
13 1 0 3 2 0 0 6 
14 0 1 0 0 0 0 1 
15 0 0 0 0 0 0 0 
16 0 0 0 0 0 0 0 
17 0 0 1 0 0 0 1 
Clonal 
Totals 41 36 37 69 51 60 286 
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distribution of multiple egg masses was the same as for single egg 
masses (%2 = 9.7, df = 7, P > = 0.21). 
The occurrence of egg masses was correlated with the amount of 
feeding damage on the leaves = 394.6, df = 16, P > = o.OO). As 
the amount of leaf area removed by feeding increased, the probability 
that an egg mass would be laid on that leaf was enhanced. 
Total leaf area also was related to the distribution of the egg 
masses = 49.1, df = 8, P > = o.OO). Overall the occurrence of 
egg masses was enhanced as the total leaf area increased. A plot of 
this linear trend had a positive slope (0.00 ± 1.8 x 10"®). A t-test for 
the null hypothesis, Ho: slope = 0, confirmed the linearity of the 
relationship (t = 3.2, df = 8, P > It I = 0.01). Approximately 60% of 
the variability can be explained by the linear relationship (R2 = 0.60). 
The occurrence of egg masses also was related positively to 
increases in the percentage of leaf area removed by feeding. A 
correlation between higher levels of feeding damage and an increased 
number of egg masses was indicated by the data 255.2, df = 8, P > 
= 0.00). 
The occurrence of egg masses in the no-choice tests was 
affected by leaf age = 113.0, df = 14, P > = o.OOOO) (Table 16). 
The most preferred age class for oviposition was LPI 4, with a total of 
39 egg masses overall. The least preferred leaf age was LPI 6, with 
only a total of 30 egg masses. Host selection was not made among the 
clones, as shown by the lack of significant differences in the number of 
108 
Table 16. Number of egg masses for all clones from the no-choice 
tests by leaf age (LPI) 
LPI IS-31 5260 5263 5264 5322 5334 LPI 
totals 
0 0 1 1 0 1 0 3 
1 1 4 1 1 1 0 9 
2 6 2 2 4 3 3 20 
3 7 7 5 6 8 6 39 
4 5 6 2 5 6 3 27 
5 5 2 4 6 7 6 30 
6 1 4 5 4 3 5 22 
7 5 2 2 2 1 5 17 
8 3 0 4 5 0 3 15 
9 4 1 4 1 0 1 11 
10 1 2 3 0 0 1 7 
11 0 1 3 1 0 0 5 
12 0 0 0 2 1 1 4 
13 1 0 0 0 0 0 1 
14 0 0 1 0 0 0 1 
Clonal 
Totals 48 39 43 46 46 37 259 
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egg masses = 2.2, df = 5, P > - 0.82). The largest number of egg 
masses were laid on 18-31(48), but NC-5264 and NC-5322 had 46 
masses each (Table 16). NC-5334 had the lowest number of egg 
masses with only 37. A test for the possible leaf age and clone effect 
on the occurrence of eggs was not possible because of the sparsity of 
the data. 
Of a total of 257 egg masses oviposited in the no-choice tests, 48 
were laid on leaves with at least one other mass present. When leaf 
age was considered, a significant difference between the distribution 
of single egg masses and the occurrence of multiple egg masses was 
found (%2 = 21.5, df = 7, P > %^ = 0.00). A clonal effect on the 
distribution of multiple egg masses was not Indicated (%^ = 2.0, df = 5, 
P>%2 = 0.85). 
The total amount of leaf area eaten (TOTETN) and the 
occurrence of egg masses seem to be correlated positively (x^ = 32.3, 
df = 8, P > = 0.00). Leaves experiencing heavier feeding damage 
have a higher probability of having an egg mass laid on them. 
As the total leaf area increased, the occurrence of egg masses 
was favorably influenced ( = 32.3, df = 8, P > = 0.00). A linear 
relationship was indicated by a t-test of the slope (t = 7.1, df = 8, P > 
It I = 0.00). In addition, much of the variability in the distribution of 
the egg masses could be explained by this linear trend (R^ = 0.88). 
Clonal differences in the slope of TOTETN on egg mass occurrence 
also were found. 
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There was positive relationship between the distribution of egg 
masses and the percentage of leaf area eaten (PCTETN) = 117.8, df 
= 3, P > = 0.00). Increases In PCTETN corresponded with higher 
numbers of egg masses. 
The type of preference test, multiple-choice or no-choice, 
significantly affected the number of ovlpositlon events taking place in 
each cage. The number of egg masses laid per cage was not the same 
for the two types of tests (t = -2.7, df = 58, P > It I = 0.01). 
I l l  
DISCUSSION 
Clonal Preferences for Feeding 
The feeding and oviposition preferences of adult cottonwood leaf 
beetles have been studied by other researchers (Caldbeck et al. 1978, 
Wilson 1979, Harrell 1980, Harrell et al. 1981, Moore & Wilson 1983, 
Haugen 1985). The results we obtained do not agree consistently with 
those found in previous research. In general, the design of our 
experiments and the conditions under which they were conducted are 
unique among preference tests. Variation in any of the factors that 
were closely controlled in our tests (density, health, and age of the 
beetles; temperature, and photoperiod of the test area; age, size, and 
physiological condition of the trees) could contribute to modifications 
of beetle preferences. Although direct comparisons with the data 
from field trials (Caldbeck et al. 1978, Wilson 1979, Moore & Wilson 
1983), laboratory bioassays (Harrell 1980, Harrell et al. 1981), and 
greenhouse trials (Haugen 1985) are not possible, those results can be 
relevant to our findings. 
The adult beetles had equal access to all six clones in this 
experimental design. Selection among the clones was therefore 
interpreted as host preference. The results from field studies 
indicated that clones with 100% Aigeiros parentage received the most 
feeding damage (Caldbeck et al. 1978, Wilson 1979). In an Iowa field 
study, NC-5264 was damaged most severely (Caldbeck et al. 1978) and 
in a related field survey in Minnesota, another Aigeiros clone, NC-
112 
5262, was most susceptible to the beetles (Wilson 1979). In contrast 
to these findings, in a laboratory study the consumption rate of NC-
5264 leaf discs by adult beetles was low (Harrell 1980, Harrell et al. 
1981). 
The second most preferred clone for feeding was a 50% Aigeiros 
and 50% Tacamahaca hybrid, NC-5334, that also was quite susceptible 
in two field studies (Caldbeck et al. 1978, Wilson 1979). In bioassays 
using leaf discs, adults exhibited only slight preference for this clone 
(Harrell 1980, Harrell et al. 1981). In addition, both adult growth and 
larval developmental rates were low when reared on NC-5334 foliage 
as compared to other clones (Harrell 1980, Harrell et al. 1981). 
The least preferred clone from our multiple-choice tests, NC-
5263 (a 25% Aigeiros and 75% Tacamahaca hybrid), was highly 
susceptible to feeding in previous field and laboratory studies 
(Caldbeck et al. 1978, Wilson 1979, Harrell 1980, Harrell et al. 1981). 
The second least preferred clone of 100% Tacamahaca parentage, NC-
5260, was the first choice of adult beetles in bioassays (Harrell 1980, 
Harrell et al. 1981), but only received moderate to light feeding 
damage in field studies (Caldbeck et al. 1978, Wilson 1979). 
In the no-choice trials there were no significant differences in 
the total leaf tissue consumption among the six clones (cages). The 
amount of leaf tissue eaten per cage was not significantly different 
from the multiple-choice tests. The highest level of leaf consumption 
was from NC-5264, the most preferred clone in the multiple choice 
trials. Two clones that were eaten almost as heavily, IS-31 and NC-
113 
5263, were not preferred In the multiple-choice tests. These results 
suggest that when the beetles had no other food source available, they 
accepted foliage that was less preferred. Larger amounts of leaf tissue 
from IS-31 and NC-5263 may have been consumed because the foliage 
was less suitable as a food source. Nonpreference (antixenosis) is 
probably the mechanism of host plant resistance exhibited by the 
nonpreferred clones. 
Clonal Preferences for Oviposition 
In the multiple-choice tests, the most preferred clones for 
oviposition, NC-5264 and NC-5334, also were the most preferred for 
feeding. Selection behavior for oviposition and feeding therefore may 
be dependent on similar plant or herbivore derived stimuli. Both 
positive and negative cues from physical characteristics and chemical 
constituents could be originating from the plant (wound inducible 
plant defenses) or could be emanating from products deposited by 
conspecifics through feeding and defecation. Females of another 
salicaceous feeding chrysomelid, Plagiodera versicolora (Laicharting), 
oviposit on less suitable willow foliage where the eggs are less likely to 
be disturbed by conspecific feeding (Raupp & Denno 1980). These 
findings suggest that females may be perceiving cues that are the 
result of herbivore feeding. 
The highly preferred status of NC-5264 and NC-5334 for 
oviposition may be a matter of logistics. Because the beetles spent 
more time feeding on these clones, there was an increased probability 
114 
that females would encounter males on the foliage and mating would 
occur. In these cases, oviposition may be a result of an Increased 
number of gravid, mated females being present on the two clones. 
In the no-choice tests, less egg masses were deposited. These 
data imply that feeding on nonpreferred clones may have a deleterious 
effect on oviposition behavior. The foliage of the nonpreferred clones 
may include physical and chemical factors that adversely affect the 
female reproductive cycle or may lack components necessary for 
normal mating and oviposition behavior to proceed. In addition, 
feeding on a less suitable food source could reduce both the fertility 
and fecundity rates. 
The oviposition preferences established in previous greenhouse 
tests (Haugen 1985) partially agree with our results. The differences 
In preferences may be because of the condition of the trees used in 
the screening. We used trees that were in optimum physiological 
condition and had not been damaged previously by herbivore action or 
mechanical injury. These precautions were implemented to minimize 
the variation in the chemical profiles of the leaves that could result 
from a wound or stress inducible defense response. 
Leaf Age Preferences for Feeding 
The effects of leaf age on the host selection behavior of 
herbivorous insects have been studied extensively (Rhoades & Gates 
1976, Mattson 1980, Raupp & Denno 1983, Meyer & Montgomery 
1987). In general, the younger leaves are more nutritious because 
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they contain higher levels of important nutrients such as nitrogen 
(Mattson 1980, Raupp & Denno 1983) and lower levels of some 
defensive chemicals (Levin 1971, Raupp & Denno 1983, Palo 1984, 
Meyer & Montgomery 1987). 
Previous studies of Populus established that adult feeding, 
mating, and oviposition occur on the younger, immature leaves (Burkot 
1978, Burkot & Benjamin 1979, Harrell 1980, Haugen 1985). We 
determined that adults discriminate among the younger leaves and 
preferentially select leaves of specific developmental ages. The 
majority of feeding and oviposition occurred on immature leaves 
(younger than LPI 7). Overall the greatest amount of feeding was on 
LPI 3 leaves in both the multiple-choice and no-choice tests. Populus 
leaves of this morphological age have attained approximately one-half 
of their final leaf area. The lamina tip of LPI 3 leaves is mature and the 
export of photosynthate has begun (Isebrands & Larson 1973). 
The most preferred leaf age class varied among the six clones in 
the multiple-choice tests. For the most preferred clone, NC-5264, 
and the least preferred clone, NC-5263, the highest level of feeding 
occurred on LPI 4 leaves. Feeding on NC-5264 removed almost twice 
as much total leaf tissue as any of the other clones. The preference 
shown for LPI 4 over LPI 3 therefore, may be explained by 
intraspecific Interactions among the feeding beetles (Hilker 1989). 
These Interactions could Involve chemical cues emanating from the 
plant or from the conspecifics. Based on our field observations there 
is evidence that an aggregation pheromone may be involved in this 
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intraspeciflc chemical communication, but the research necessary to 
test this hypothesis has not been conducted. 
Leaf Age Preferences for Oviposition 
Female adults preferred to oviposit on leaves of specific age 
classes in both the multiple-choice and no-choice settings. The 
largest number of egg masses were laid on two different leaf age 
classes in the multiple-choice tests. In the no-choice tests, one age 
class was preferred most highly. 
The occurrence of egg masses was correlated with the amount of 
feeding damage on the leaves. Higher levels of feeding damage on a 
leaf corresponded with an increased probability that an egg mass 
would occur on that leaf. This relationship may be further evidence 
for the presence of physical or chemical factors produced by the plant 
in response to feeding damage or produced by conspecifics that are 
influencing oviposition selection behavior among leaf ages and among 
clones. 
Host Plant Selection Behavior 
Although the feeding and oviposition preferences of adult 
Cottonwood leaf beetles have been established for selected Populus 
clones, an examination of the selection behavior leading to the 
discrimination among potential hosts and leaf age classes has not been 
conducted. It is generally proposed that the host selection behavior of 
herbivorous insects involves responses to a variety of plant physical 
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and chemical stimuli perceived as visual, olfactory, tactile, and 
gustatory cues. 
Physical characteristics of leaves, such as the presence of 
trichome layers and resinous secretions, have been implicated in the 
host selection behavior of various phytophagous Insect species. Adults 
of the chrysomelid species Phratora vltellinae L. were deterred from 
feeding on the leaves of some Salix by a mat of trichomes that served 
as a physical barrier (Rowell-Rahler & Pasteels 1982). When the 
trichomes were removed, the foliage was readily consumed. A 
scanning electron microscope examination of the upper and lower leaf 
surfaces of the six Populus clones we used showed that these clones 
are quite glabrous. Only intermittent trichomes were found on the 
upper surface along major veins and they were small, simple, and 
nonglandular. This sparse pubescence would not be expected to deter 
feeding or ovipositlon. 
The presence of resin-secreting glands on the leaves of some 
Populus has been established. Glandular structures on the leaf margins 
were found on P. balsamlfera L. and P. deltoïdes Bartr. (Curtis & 
Lersten 1974, 1978). The leaves of P. deltoïdes have glands located 
on the tips of the marginal teeth (marginal glands) and at the 
attachment point of the leaf to the petiole (basal glands) (Curtis & 
Lersten 1974, 1978). The resin excreted by these glands is described 
as fragrant, yellow, and sticky but becoming clear and brittle when dry. 
The presence of this fresh resin on Immature P. deltoïdes foliage 
deterred feeding by cottonwood leaf beetle larvae in laboratory 
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bioassays (Curtis & Lersten 1974). In addition, the presence of fresh 
resins may be involved in the rejection of other Populus clones by the 
beetles (Caldbeck et al. 1978). 
The two clones that were least preferred for both feeding and 
oviposltion in the multiple-choice tests, NC-5260 and NC-5263, are 
both P. balsamifera crosses and are characterized by copious amounts 
of sticky, aromatic resins that cover their young foliage. The presence 
of fresh resins on the young leaves of NC-5263 could explain the 
preference for an older leaf age class (LPI 4) for feeding and 
oviposition. Also, the presence of fresh resins on the immature leaves 
of the other clones could partially explain the low levels of feeding and 
oviposition on leaves younger than LPI 3. The degree of resistance 
exhibited by these clones may be the result of negative chemical 
stimuli emitted by these resins. The intensity of these chemical cues 
may be sufficient to overwhelm the sensory system of the beetles and 
disrupt the normal sequence of host selection behavioral events. 
Leaf toughness may be an important factor influencing the host 
selection behavior of phytophagous insects. Older, tougher leaves 
contain higher levels of indigestible compounds such as cellulose and 
lignin and diluted levels of nutrients (Raupp 1985). In addition, the 
mandibles of adult PI. versicolora. showed significant wear caused by 
feeding on tougher leaves. Reduced consumption rates for adults with 
eroded mandibles could translate into lower fecundity rates (Raupp 
1985). The toughness of mature Eucalvptus blakelvi Maiden leaves 
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seems to explain the preference of Paropsis atomaria Oliver larvae for 
young leaves (Larsson & Ohmart 1988). 
The role of the chemical constituents of plants in the host 
selection behavior of phytophagous insects has been stressed by 
various researchers (Kennedy 1965, Fraenkel 1969, Dethier 1970, 
1982, Harborne 1982, Mitchell 1988, Chapman & Bernays 1989). 
The concentrations of some nutritional (Mattson 1980, Raupp & 
Denno 1983) and nonnutritional plant chemicals (Levin 1971, Zucker 
1982, Palo 1984, Rowell-Rahier 1984a, Lindroth et al. 1987a, Meyer 
& Montgomery 1987) vary according to the age of the plant tissue. 
Nitrogen levels are generally higher in younger leaves (Mattson 1980, 
Raupp & Denno 1983) and could influence the selection of certain leaf 
age classes for feeding and oviposition. The importance of these two 
categories of chemicals in the host selection process may vary among 
herbivorous insect species and has been debated among various 
researchers (Kennedy 1965, Fraenkel 1969, Dethier 1982, Harborne 
1982). 
Phenolics are the only major class of secondary plant substances 
that have been detected in measurable amounts in the Salicaceae (Palo 
1984). The phenolics can vary both qualitatively and quantitatively 
with tissue age (Levin 1971). Individual leaves on a tree may have a 
different quantity of phenolics (Zucker 1982). The concentration of 
total phenolics in young leaves was three times that found in the old 
leaves of P. deltoïdes (Meyer & Montgomery 1987). 
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The majority of phenolics In salicaceous plants occur as phenolic 
glycosides (Pridham 1960, Harbome 1964). The phenolic glycoside 
profiles of some Salix are species-specific (Julkunen-Tlitto 1985a, 
1985b, 1989). Both qualitative and quantitative variation in phenolic 
glycoside profiles have been noted among various Populus (Lindroth et 
al. 1987a). In addition, the quality and quantity of phenolic glycosides 
vary with tissue age (Palo 1984). The youngest leaves of £. deltoides. 
P. tremuloides Michx., and P. grandidentata Michx. contain higher 
levels of phenolic glycosides than older leaves (Lindroth et al. 1987a). 
There is an intimate relationship between some chiysomelid 
species, including the cottonwood leaf beetie, and the phenolic 
glycoside profile of salicaceous plants. The larvae (and adults in some 
species) manufacture a defensive chemical, salicylaldehyde, from a 
phenolic glycoside, salicin, that is obtained from feeding on the leaf 
tissue of host Populus (Wallace & Blum 1969, Deroe & Pasteels 1982, 
Rowell-Rahier & Pasteels 1982). 
The phenolic glycoside profiles of some salicaceous plants have 
been correlated with adult feeding and oviposition preferences of 
select chrysomelid species. Three species of leaf beetles, PI. 
versicolora. Galerucella lineola F. and Ph. vltellinae. exhibit host 
preferences for feeding that are related directly to the composition 
and total concentration of phenolic glycosides in select Salix 
(Tahvanainen et al. 1985). Oviposition preferences of lineola may be 
correlated with the concentration of salicin in Salix leaf tissues 
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because the subsequent larvae require salicin to produce their 
defensive secretion (Denno et al. 1990). 
The Importance of phenolic glycosides in host selection among 
potential host plants has been established for some chiysomelid 
species (Rowell-Rahier 1984b, Tahvanainen et al. 1985, Denno et al 
1990) The role of phenolic glycosides in the selection among 
Populus leaf age classes however, has not been considered. Because of 
the close relationship between cottonwood leaf beetles and the 
phenolic glycoside, salicin, it seems probable that these compounds 
may be involved in the preference for specific leaf age classes. 
The Identification of the specific stimuli that trigger behavioral 
events leading to the acceptance or rejection of a potential host 
requires further extensive investigation. The determination of the 
preferred leaf age classes could provide a basis for this research 
because the variation in many physical and chemical properties that 
may be involved in host selection could be decreased. Physical 
characteristics such as pubescence (Johnson 1975, Jeffree 1986), 
resin (Curtis & Lersten 1974, 1978), and leaf toughness (Raupp 1985) 
have been implicated in the selection behavior of some herbivores and 
may differ widely among leaf age classes. Both nutritional (Mattson 
1980, Raupp & Denno 1983) and nonnutritional plant chemicals 
(Levin 1971, Zucker 1982, Palo 1984, Rowell-Rahier 1984a, Lindroth 
et al. 1987a, Meyer & Montgomery 1987), also vary both qualitatively 
and quantitatively among leaves of different ages. Research 
concerning the physical and chemical factors involved in host 
122 
selection behavior could be directed at comparisons of the preferred 
leaf ages between Populus that are susceptible and those that are 
relatively resistant. 
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INTRODUCTION 
The Cottonwood leaf beetle, Chrvsomela scrlpta F. (Coleoptera: 
Chrysomelidae), is a multivoltine pest of Populus from the Aigeiros and 
Tacamahaca sections (Brown 1956, Burkot & Benjamin 1979, Harrell 
1980). Populus from the Leuce section are considered to be nonhosts 
(Caldbeck et al. 1978, Wilson 1979, Harrell 1980, Harrell et al. 1981, 
Haugen 1985). 
Many Populus selections approximate the ideotype of an 
optimum tree species for planting in intensive culture plantations 
(Dickmann 1985). Populus exhibit rapid Juvenile growth rate, 
indeterminate growth characteristics, upright growth habit, easy 
establishment and regeneration, and wood properties that make them 
quite suitable for woody crops plantings (Dickmann 1985). 
Over 150 species of insects may attack Populus however, the 
majority are subeconomic pests that do not cause significant damage 
(Wilson 1976). In many areas where short rotation woody crops 
plantings of Populus have been established or are being considered, 
the Cottonwood leaf beetle is the most serious defoliating pest (Burkot 
& Benjamin 1979, Wilson 1979, Harrell 1980). 
The majority of beetle activity occurs on leaves within the 
developing leaf zone. Adult feeding, mating, and oviposition occur on 
the youngest leaves on a stem and egg masses are usually found on the 
lower (abaxial) surface of immature leaves. In general, larval feeding 
takes place on any tissue from leaves or stems that has a moisture 
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content above 73%, generally the youngest four to six leaves on a shoot 
(Harrell et al. 1982). Feeding by adults and larvae results in 
skeletonized leaves and in some cases the loss of succulent stem 
sections and apical meristematic regions. 
The Cottonwood leaf beetle is generally considered to be an 
subeconomic defoliator in natural Populus stands. Because this beetle 
is a multivoltine species (four to six generations per year in the north 
central region) and the fecundity of the females is quite high (510-823 
eggs per female), the population numbers can increase to outbreak 
levels quickly under favorable conditions (Head & Neel 1973, Burkot 
& Benjamin 1979, Harrell 1980, Haugen 1985). Especially in the 
establishment years, a poplar plantation provides a favorable 
environment for supporting large numbers of cottonwood leaf beetles 
because a large portion of the stem and leaf tissues are succulent and 
nutritious. 
Population suppression by a natural enemy complex is hampered 
by the cottonwood leaf beetle's chemical defense system (Brown 1956, 
Wallace & Blum 1969, Head 1972, Deroe & Pasteels 1982, Pasteels et 
al. 1986, Gregoire 1988). Within the Chrysomelidae, it is quite 
common for the larvae (and sometimes other life stages) to be 
protected by chemicals synthesized from plant-derived precursors. 
The presence of these defensive substances is believed to confer a 
selective advantage by reducing the threat of prédation (Gregoire 
1988). Cottonwood leaf beetle larvae and pupae (and possibly adults 
and eggs) are chemically defended by salicylaldehyde. This substance 
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is enzymatically produced from salicin that is present in the Populus 
leaves they consume (Wallace & Blum 1969). In addition, some 
chiysomelid larvae may synthesize salicylaldehyde from other phenolic 
glycosides, such as salicortin (Pasteels et al. 1988a). 
A wide range of natural resistance to the cottonwood leaf beetle 
within the genus Populus has been identified (Oliveria & Cooper 1977, 
Caldbeck et al. 1978, Wilson 1979, Harrell 1980, Harrell et al. 1981, 
Moore & Wilson 1983, Haugen 1985). In addition, the adult feeding 
and oviposition preferences for selected Populus have been 
determined through field tests (Caldbeck et al. 1978, Wilson 1979, 
Harrell et al. 1981, Moore & Wilson 1983) and laboratory research 
(Harrell 1980, Harrell et al. 1981, Haugen 1985). 
Larval feeding and adult feeding, mating, and oviposition occur 
predominately on younger foliage in the distal portion of stems and 
branches (Burkot 1978, Burkot & Benjamin 1979, Harrell 1980, 
Harrell et al. 1981, Haugen 1985). Adults also exhibit distinct 
preferences for leaves of specific developmental ages for both feeding 
and oviposition. 
Because successive Populus leaves grow at the same relative rate, 
the developmental state of each leaf on a stem can be established by 
using the leaf plastochron index (LPI) (Larson & Isebrands 1971, 
Ceulemans 1990). This system was developed so that an easily 
measurable anatomical characteristic such as leaf lamina length can be 
used to express leaf age in more morphological and physiological 
terms (Erickson & Michelini 1957, Larson & Isebrands 1971, 
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Ceulemans 1990). The smallest leaf that is exhibiting maximum leaf 
expansion (LPI 0) is determined by plotting leaf growth as lamina 
length over time. Beginning at the LPI 0 leaf, each leaf on a stem can 
be assigned an LPI designation by counting the leaves consecutively 
down the stem from the apex to the base (Erickson & Michelini 1957, 
Larson & Isebrands 1971). Selected Populus that have been examined 
have an index leaf size of 3.0 cm (J. G. Isebrands, USDA Forest Service, 
North Central Experiment Station, Rhinelander, Wl). 
Plant characteristics such as leaf fresh weight, size, expansion, 
and vascularization, and photosynthetic rate have been studied in 
relationship to the leaf plastochron index (Erickson & Michelini 
1957, Michelini 1958, Larson & Isebrands 1971, Dickmann 1971, 
Isebrands & Larson 1973, 1980, Larson & Dickson 1973, Larson & 
Pizzolato 1977). 
By using the LPI system in feeding and oviposition preference 
tests, the morphological and physiological age of the most preferred 
leaves could be determined. The preferred leaves could also be 
examined among selected clones with the assurance that comparisons 
among similar LPIs would be made among leaves in approximately the 
same developmental state. The determination of the age of the most 
preferred leaves can serve as the basis for subsequent research 
concerning the host selection behavior of adult cottonwood leaf 
beetles. 
The host preferences of adult cottonwood leaf beetles have been 
studied by various researchers (Caldbeck et al. 1978, Wilson 1979, 
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Harrell 1980, Harrell et al. 1981, Moore & Wilson 1983, Haugen 
1985) but the sequence of behavioral events leading to the acceptance 
or rejection of a potential host has not been examined. It is generally 
proposed that the host plant selection behavior of herbivorous insects 
for both feeding (Beck 1965, Fraenkel 1969, Dethier 1982, Harborne 
1982, Mitchell 1988, Chapman & Bernays 1989) and oviposition 
(Feeny et al. 1983, Stadler 1986, Renwick 1989) and involves 
responses to cues of plant origin. These stimuli are perceived by a 
variety of visual, olfactory, tactile, and gustatory receptors (Beck & 
Schoonhoven 1980, Mitchell 1988, Chapman & Bernays 1989) and 
originate from both the physical (Johnson 1975, Jeffree 1986) and 
chemical (Beck 1965, Fraenkel 1969, Dethier 1982, Mitchell 1988, 
Chapman & Bernays 1989) characteristics of plants 
The presence of trichomes and resinous secretions may 
influence host selection (Curtis & Lersten 1974, 1978, Hoxle et al. 
1975, Johnson 1975, Jeffree 1986). Fresh resin on the young leaves 
of P. deltoïdes Bartr. deterred feeding by cottonwood leaf beetle larvae 
in preference bloassays (Curtis & Lersten 1974). In Populus trichome 
density and the distribution of resin glands change change as leaves 
mature with the younger leaves more highly protected by pubescence 
and resins (Curtis & Lersten 1974, 1978). 
Chemical constituents of plant tissues also have been Implicated 
in the host selection behavior of herbivorous Insects (Beck 1965, 
Fraenkel 1969, Dethier 1982, Mitchell 1988, Chapman & Bernays 
1989). The concentrations of some nutritional (Mattson 1980, Raupp 
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& Denno 1983) and nonnutritlonal (Levin 1971, Zucker 1982, Palo 
1984, Rowell-Rahier 1984a, Lindroth et al. 1987a, Meyer & 
Montgomery 1987) chemical components vary according to the age of 
the plant tissue and may explain the preferences of some herbivores. 
Phenolics are the only class of nonnutritional chemicals 
(secondary plant substances) that have been detected in measurable 
amounts in the Salicaceae (Palo 1984). Phenolics are known to 
accumulate in all organs of plants (leaves, stems, roots, flowers, and 
fruits) and accumulation is tissue-specific in some plant genera 
(Hrazdina & Wagner 1985). 
The phenolic profile of a plant can vary both qualitatively and 
quantitatively because of factors such as plant and tissue age and the 
type of plant organ (Levin 1971). The concentration of phenolics in 
the youngest foliage of P. deltoides is three times higher than in the 
mature leaves (Meyer & Montgomery 1987). 
Free phenols are relatively rare in higher plant tissue, with most 
phenols occurring in conjugated forms (Pridham 1960). Within the 
Salicaceae, phenolic glycosides are common phenolic compounds and 
have been studied extensively by many researchers in Europe and 
North America (i.e. Pearl & Darling 1968, Julkunen-Tiitto 1985a, 
1985b, 1989, Lindroth & Pajutee 1987, Undroth et al. 1987a, 1987b, 
Mattes et al. 1987, Meier et al. 1988, Clausen et al. 1989a, 1989b). 
The quantity and quality of phenolic glycosides in a plant 
chemical profile vary because of such factors as season, age, sex, and 
growing conditions (Palo 1984). The phenolic glycoside composition 
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and concentration may change during the life of the plant (Palo 1984). 
There may also be great variability in the distribution of phenolic 
glycosides among the leaves on an individual plant (Rowell-Rahier 
1984a, Lindroth et al. 1987a). The amount of salicin is higher in the 
young leaves of selected Salix (Rowell-Rahier 1984a). The youngest 
leaves on stems of cottonwood, P. deltoides. quaking aspen,P. 
tremuloides Michx., and bigtooth aspen. £. grandidentata Michx., 
contain higher levels of phenolic glycosides than other leaves 
(Lindroth et al. 1987a). 
Some species of Salix exhibit a species-specific phenolic 
glycoside composition and concentration, and these profiles have been 
used in taxonomic studies (Julkunen-Tiitto 1985b, 1989). Intraclonal 
variation in the concentrations of some phenolic glycosides , however, 
has been noted for quaking aspen, P. tremuloides (Lindroth et al. 
1987a). 
The leaves of the quaking aspen and bigtooth aspen contain 
salicin, salicortin, tremulacin, and tremuloidin, with salicortin and 
tremulacin being the major components of the profile (Lindroth et al. 
1987a). An analysis of cottonwood leaves showed that salicin and 
tremuloidin were present in small amounts (Lindroth et al. 1987a). 
Salicortin is the major phenolic glycoside constituent in the foliage of 
P. tremuloides. P. grandldentata and P. deltoides (Lindroth et al. 
1987a). Similar results were reported for P. trichocarpa Torr. and 
Gray, and P. balsamifera subcordata Hylander (Thieme & Benecke 
1971, Lindroth et al. 1987a). 
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The phenolic glycoside characteristic of salicaceous plants, 
salicin, is known to be of biological importance to some species of 
phytophagous insects that feed on these plants. In particular, 
chrysomelid species that secrete the defensive chemical 
salicylaldehyde may select hosts according to the presence and/or 
concentration of some phenolic glycosides (Wallace & Blum 1969, 
Deroe & Pasteels 1982, Rowell-Rahier & Pasteels 1982, Tahvanalnen 
et al. 1985). Adult feeding preferences of three species of 
chrysomelids, Plagiodera versicolora (Lalchartingl, Galerucella lineola 
F., and Phratora vitellinae L., are directly correlated with the 
composition and total concentration of phenolic glycosides in the 
leaves of selected Salix (Tahvanainen et al. 1985). Adult £. aenicollls 
(Shaeffer) prefer to feed on Salix that have high concentrations of 
salicin in their foliage (Smiley et al. 1985). Larvae feeding on leaves 
with high quantities of salicin produced more defensive secretion and 
as a consequence suffered less prédation (Smiley et al. 1985). 
Phenolic glycosides exhibit highly variable biological activities in 
relationship to phytophagous insects. Some phenolic glycosides are 
toxic to nonadapted herbivores. Salicortin and tremulacin from 
quaking aspen foliage produce deleterious effects on larvae of the non-
adapted eastern swallowtail butterfly, Papilio glaucus glaucus L. 
(Lindroth et al. 1988a, 1988b). In this relationship, the glycosides act 
as both toxins and deterrents, but two other glycosides from quaking 
aspen, salicin and tremuloidin, have no adverse effects on the growth 
and survival of this butterfly species (Lindroth et al. 1988a, 1988b). 
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Toxic effects of phenolic glycosides also were found for two additional 
non-adapted herbivores, the southern armyworm, Spodoptera eridania 
(Cramer) (Lindroth & Peterson 1988), and the gypsy moth, Lymantria 
dispar L, (Lindroth & Hemming 1990). Salicortin and tremulacin 
caused midgut lesions in southern armyworm larvae (Lindroth & 
Peterson 1988) while the ingestion of tremulacin was detrimental to 
larval growth rates of gypsy moth larvae (Lindroth & Hemming 1990. 
The performance of an aspen-adapted swallowtail butterfly, P. g. 
canadensis Rothschild and Jordan, was not significantly decreased by 
salicortin and tremulacin. This tolerance exhibited by an aspen-
adapted species may be caused by the activity of midgut esterases that 
mediate the detoxification process (Lindroth 1989). The presence of 
salicortin and tremulacin in Populus foliage from the Leuce section 
may contribute to their resistance to the cottonwood leaf beetle 
(Lindroth et al. 1987a). 
Because phenolic glycosides seem to be related directly to the 
feeding and opposition preferences of some congeneric chrysomelids, 
the composition and concentration of these substginces in the 
chemical profiles of Populus leaves may affect the host selection 
behavior of the cottonwood leaf beetle. It is highly probable that the 
presence of salicin is a necessaiy stimulus for host acceptance to 
occur. In addition, clones containing glycosides that are toxic to some 
herbivores, salicortin and tremulacin, may adversely affect selection 
behavior. 
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The purpose of this research was to examine the phenolic 
glycoside profiles among Populus exhibiting a range of resistance to 
the Cottonwood leaf beetle. In addition, both the composition and 
concentration of selected glycosides was examined for direct 
correlations with host preferences of adult beetles both among clones 
and leaf age classes. 
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MATERIALS AND METHODS 
The foliage from seven Populus clones was examined both 
qualitatively and quantitatively for three phenolic glycosides: salicin, 
salicortln, and tremulacin. The clones were selected on the basis of 
their reported degree of resistance to Cottonwood leaf beetle feeding 
and oviposition (Caldbeck et al. 1978, Wilson 1979, Harrell 1980, 
Harrell et al. 1981, Moore & Wilson 1983). In addition, adult 
Cottonwood leaf beetle preferences among these clones and among 
leaf age classes for each of these clones have been determined. 
The Aigeiros section was represented by three clones: NC-5322, 
a P. X euramericana hybrid (P. deltoides x P. nigra): NC-5264, a P. 
deltoides var. angulata x P. nigra var. plantierensis hybrid; and IS-31, a 
P. deltoides clone of local origin. A 100% Tacamahaca clone NC-5260, 
a P. tristis x P. balsamifera. was chosen from this section. Two 
intersectional hybrids also were used: NC-5334, a P. x interamericana 
hybrid (P. deltoides var. angulata x P. trichocarpa) of 50% Tacamahaca 
and 50% Aigeiros parentage; and NC-5263, a P. balsamifera var. 
candicans x P. x berolinensis cross of 25% Aigeiros and 75% 
Tacamahaca parentage. In addition, a natural aspen hybrid from the 
Leuce section, NC-5339, a P. alba x P. grandidentata. was included. 
This hybrid has been screened for resistance to both feeding and 
oviposition and is not considered to be a suitable host for feeding 
(Caldbeck et al. 1978, Wilson 1979, Harrell 1980, Harrell et al. 1981) 
and oviposition (Haugen 1985). Because a nonhost was included in the 
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study, comparisons could be made between the phenolic glycoside 
profiles of host and nonhost Populus. 
All trees were grown from softwood cuttings taken from stock 
plants. The 18-31 stock plants were derived from greenhouse trees 
and the other stock plants were established from rooted whips 
obtained from the North Central Experiment Station, Rhinelander, WI 
in 1985. To ensure that the stock plants were in a healthy, vigorous 
state, cuttings were taken periodically to establish replacement stock 
plants. Because of possible individual variations in clonal physiological 
and morphological characteristics, four stock plants were maintained 
for each of the seven clones. Softwood cuttings were taken from 
actively growing stem sections of the stock plants (Faltonson 1983, 
Faltonson et al. 1983). Each time softwood cuttings were taken, an 
equal number of cuttings were made from each of the stock plants. All 
cuttings received a hormonal treatment with IBA (indolebutyric acid) 
to enhance root formation (1000 ppm for 5 sec) (Hartmann & Rester 
1983) and were rooted in peat pellets on a bench with overhead 
intermittent mist (Faltonson 1983, Faltonson et al. 1983). The 
cuttings were removed from the mist bed when roots began growing 
out of the peat pellets. The rooting process took approximately two 
weeks. The rooted cuttings were potted into 13 cm diameter plastic 
pots using an artificial medium consisting of one part vermiculite, 
perlite, and milled peat. A slow release fertilizer, Megamp® (W. R. 
Grace and Co., Allentown, PA), was added to the mix at a rate of 6.5 
lbs. per 12 cu ft of mix. added. The trees were placed randomly on 
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benches within a greenhouse bay with a 16:8 L:D photoperiod. 
Fertilization was performed on a bi-weekly basis with 20-10-20 
(nitrogen-phosphorous-potassium) Peters® water soluble fertilizer 
(Peters® Fertilizer Products, W. R. Grace and Co., Allentown, PA). 
Spider mite and other pest infestations were chemically controlled as 
required. The trees were grown in two sets, with the first set 
consisting of trees for replications one and two, and the second 
containing trees for replication three. 
Two leaf age classes were chosen for the analysis of phenolic 
glycosides. The most preferred leaf age for both feeding and 
ovipositlon, LPI 3 and a nonpreferred leaf age for both behaviors, LPI 
12 were selected. Leaves for the analyses were removed after the 
trees had reached the 15 leaf stage but before they exceeded the 25 
leaf stage. Using this designation, the trees had at least fifteen leaves 
that were larger than 3.0 cm (Erickson & Michelini 1957, J. G. 
Isebrands, U. S. Dept. Agric. For. Serv., Forestry Sciences Lab, 
Rhinelander, WI, personal communication). Because of the time 
constraints of the analysis procedure, only three of the four stock 
plants were processed. The leaves from five individuals for each stock 
plant were pooled and processed as single samples. For each of the 
seven clones three samples each for LPI 3 and for LPI 12 were 
examined per replication. Three replications were conducted and a 
total of 124 samples were processed. 
Leaf samples were processed randomly within each replication. 
Trees that were damaged from pests or mechanical injury were not 
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used. Fresh leaves were cut Just prior to processing and were placed 
into plastic bags labeled with the appropriate LPI and clone/stock 
plant designation. The leaf samples were kept on ice to prevent 
possible enzymatic conversion of phenolic glycosides before the 
tissues could be extracted (Lindroth & Pajutee 1987). 
All leaves for each sample were weighed and were cut into two 
portions. One piece from each leaf was selected for extraction and the 
other was used in the dry weight determination. Those portions used 
in the dry weight process were weighed again and placed into a drying 
oven at 45° C for 48 hours. After drying, the leaf pieces were weighed 
a last time. 
The leaf pieces chosen for extraction were immersed 
immediately in liquid nitrogen and ground to a fine powder. Sea sand 
was used to facilitate the grinding. The solution was then extracted 
for ten minutes in 10 ml of methanol at 0° C. Five minutes were spent 
in a cold sonicating bath to enhance the extraction process. For an 
additional five minutes of extraction, the samples were placed in an 
ice bath to maintain the temperature of the methanol (Lindroth & 
Pajutee 1987). 
The samples were then filtered to 0.22 ^ using a millipore 
filtration system and type GVWP membrane filters. An additional 5 ml 
of HPLC grade methanol were added to rinse the filtration apparatus, 
for a total of 17 ml of methanol. The samples were placed on ice prior 
to analysis. 
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To determine both the composition and concentration of the 
selected phenolic glycosides in the leaf samples, high performance 
liquid chromatography (HPLC) was used (Lindroth & Pajutee 1987). 
The HPLC hardware consisted of a Beckman System Gold® (Beckman 
Instruments, Chicago, IL) unit with a Model 126 programmable 
solvent module and a Model 166 programmable detector module. The 
system was controlled by a NEC PC-8300 portable computer. 
Separation was achieved with a reverse phase 25 cm Ultrasphere® 
(Beckman Instruments, Chicago, IL), C 15 column with 5 micron pore 
size. Gradient processing was employed using methanol as solvent B 
and water with 2% tetrahydrofuran as solvent A (Lindroth & Pajutee 
1987). The chromatograms were recorded on a Kipp and Zonen 
model BD40 chart recorder. The size of the sample injections was 20 
microliters and tlie processing time per leaf sample was 53 minutes. 
The processing time included a a 20 minute re-equilibration period to 
ensure that the column was Hushed thoroughly and that the solvent 
concentrations were correct. Blank samples (100% HPLC grade 
methanol) were run at the start of each session and examined for 
possible column contaminations or other anomalies that could affect 
the HPLC results. 
The concentration of the desired glycosides in the leaf samples 
were determined from absorbance curves for salicin, salicortin, and 
tremulacin that were constructed using standard solutions. Salicin 
was available commercially, but salicortin and tremulacin were 
obtained from other researchers. Three concentrations of salicin (3.0, 
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1.5, and 0.85 mg/ml) and tremulacln (2.56, 1.28, and 0.64 mg/ml) 
were tested. Only two concentrations of salicortin (3.8 and 1.26 
mg/ml) were used. The area of the chromatogram peak for each of 
the standard solutions was measured in mm^ using a Delta T area 
meter (Model MK-2). The various concentrations (mg/ml) were 
regressed against peak area (mm^) and regression equations and 
correlation coefficients were calculated using the Statistical Analysis 
System (SAS), version 5.18 and the GLM procedure (SAS Institute 
1986). 
The retention times for the three glycosides were determined 
from the processing of the standard solutions. These times were used 
to select the peaks on the leaf sample chromatograms that 
corresponded to each of the phenolic glycosides. The areas of these 
peaks were then measured on the area meter and the areas were 
converted to concentrations using the regression equations from the 
absorbance curves. The diy weights of the extracted leaf pieces were 
calculated using the whole leaf fresh weights and the dry weights of 
the oven dried leaf portions. 
The total concentrations of the glycosides (mg) per gram of dry 
leaf tissue were compared in the statistical analysis. An analysis of 
variance (ANOVA) was used to determine the differences in 
concentrations of the three glycosides among the seven clones and 
between the two leaf age classes. 
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RESULTS 
Salicin separated on the column at 5.2 min. Salicortin was next 
at 14.2 mln and tremulacln at 22.0 min. The areas of the peaks from 
the chromatograms for the standard solutions were measured in mm^. 
Regressions of the peak areas (mm2) against the concentrations 
(mg/ml) were conducted to obtain regression equations and 
correlation coefficients. For all three standards, the y-intercepts were 
very close to zero and the relationships between areas and 
concentrations were linear (Figures 1-3). Correlation coefficients also 
indicated very significant linear trends with (R2 = 0.9915, 0.9940, and 
0.9969, for salicin, salicortin, and tremulacin, respectively). 
A total of 124 leaf samples was processed and all of these 
contained at least a small amount of salicin. Only a trace of salicin was 
found in five of the leaf samples for NC-5339 (three for LPI 3 and two 
for LPI 12). Salicortin was detected in 123 leaves and absent only in 
one LPI 12 leaf sample from IS-31. Tremulacin was found in only 114 
leaf samples. Eight of the IS-31 leaf samples contained no tremulacin 
(six for LPI 3 and two for LPI 12). 
When the data for all seven clones were considered, the 
phenolic glycoside concentrations were significantly higher in the LPI 
3 leaves than the LPI 12 leaves for salicin (F = 11.49, df = 1, 123, P > 
F = 0.00), salicortin (F = 20.48, df= 1, 122, P > F = 0.00), and 
tremulacin (F = 7.84, df 1, 113, P > F = 0.01). The overall mean levels 
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in the LPI 3 leaves ranged from 48.3 ± 4.6 mg for salicortin to 32.9 ± 
3.4 mg for salicin to 17.3 ±1.4 mg for tremulacin (Tables 1-3). In the 
LPI 12 leaves the mean concentration of salicortin was highest at 31.3 
± 4.6 mg. Salicin was next with 22.5 ± 3.4 mg and the lowest 
concentration in these leaves was for tremulacin at 9.7 mg. 
The concentrations of the three glycosides exhibited wide 
interclonal variation. The differences were significant for the LPI 3 
leaves among the seven clones for salicin (F = 33.2, df 7, 73, P > F = 
0.00), salicortin (F = 51.6, df 7, 63, P > F = 0.00), and tremulacin (F = 
17.8, df 7, 57, P > F = 0.00). Significant variations among the clones 
in the concentrations of salicin (F = 50.0, df 7, 61, P > F = 0.00), 
salicortin (F = 19.8, df 7, 60, P > F = 0.00), and tremulacin (F = 13.9, 
df 7, 57, P > F = 0.00) were also indicated for the LPI 12 leaves. 
A breakdown of the concentrations of salicin among the clones 
established that the levels were higher in the LPI 3 leaves of clones 
NC-5263, NC-5264, and NC-5334 than in the other clones (Table 1). 
In IS-31, NC-5260, NC-5322, and NC-5339, salicin amounts were 
lower in the LPI 3 leaves (Table 1). The overall highest salicin 
concentration was in the LPI 3 leaves of NC-5263 and the lowest was 
in the LPI 3 leaves of NC-5339. The mean amounts in the LPI 3 leaves 
ranged from 87.7 ± 13.6 mg for NC-5263 to a low of 1.53 ±0.1 mg for 
NC-5339. In the LPI 12 leaves the greatest quantity of salicin was 77.3 
± 9.6 mg for NC-5263 and the least (3.5 ±1.3 mg) was found in the 
foliage of NC-5322. 
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Table 1. Mean concentrations of Salicin in mg/g dry leaf tissue ± 
SEM for LPI 3 and LPI 12 for all seven Populus clones 
CLONE LPI 3 na LPI 12 na 
IS-31 18.4 ± 3.9 9 6.5 ± 1.4 9 
5260 20.3 ± 2.9 9 19.7 ± 1.8 9 
5263 87.7 ± 13.6 9 77.3 ± 9.6 9 
5264 32.2 ± 8.4 9 21.8 ± 4.0 8 
5322 26.9 ± 7.0 9 3.5 ± 1.3 9 
5334 46.9 ± 7.6 9 22.2 ± 5.4 9 
5339 1.5 ± 0.1 9 4.7 ± 1.3 8 
Overall 32.9 ± 4.2 63 22.5 ± 3.5 61 
^n = number of samples processed for each LPI and clone. 
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Table 2. Mean concentrations of Salicortin in mg/g dry leaf tissue 
± SEM for LPI 3 and LPI 12 for all seven Populus clones 
CLONE LPI 3 na LPI 12 na 
IS-31 41,2 ± 6.6 9 19.7 ± 2.4 8 
5260 44.6 ± 5.4 9 25.6 ± 3.6 9 
5263 68.5 ± 12.0 9 60.2 ± 17.7 9 
5264 46.1 ± 7.3 9 28.9 ± 3.0 8 
5322 41.5 ± 4.4 9 24.0 ± 2.6 9 
5334 59.6 ± 6.8 9 34.0 ± 4.0 9 
5339 37.8 ± 2.7 9 24.0 ± 1.9 8 
Overall 48.3 ± 2.8 63 31.2 ± 3.2 60 
&n = number of samples processed for each LPI and clone. 
154 
Table 3. Mean concentrations of Tremulacin in mg/g dry leaf tissue 
± SEM for LPI 3 and LPI 12 for all seven Populus clones 
CLONE LPI 3 na LPI 12 na 
IS-31 1.5 ± 1.0 5 2.4 ± 1.2 9 
5260 34.6 ± 6.8 9 12.5 ± 4.3 9 
5263 14.2 ± 4.7 9 9.3 ± 3.3 9 
5264 11.0 ± 4.6 7 8.3 ± 2.2 8 
5322 23.6 ± 6.5 9 7.2 ± 2.6 8 
5334 3.8 ± 1.2 8 5.4 ±0.1 6 
5339 22.1 ± 3.3 10 22.1 ± 3.9 8 
Overall 17.3 ± 2.3 57 9 .7+  1 .3  57 
^n = number of samples processed for each LPI and clone. 
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The amount of salicortin in both leaf age classes was higher than 
the concentrations of either salicin or tremulacin (Tables 1-3). Overall 
salicortin concentrations were higher in the LPI 3 leaves than the LPI 
12 leaves for all seven clones (Table 2). The LPI 3 leaves of NC-5263 
contained the most salicortin and the LPI 12 leaves of IS-31 had the 
least. The greatest amount of salicortin in the LPI 3 leaves was for NC-
5263 (68.5 ± 12.0 mg) and the lowest level was for NC-5339 (37.8 ± 
2.7 mg). In the LPI 12 leaves, NC-5263 contained the greatest 
concentration (60.2 ± 17.7 mg) and IS-31 had the lowest (19.7 ± 2.4 
mg). 
In general, the concentrations of tremulacin were lower than 
either salicin or salicortin in both the LPI 3 and LPI 12 leaves of the 
clones (Table 3). The highest amount was found in the LPI 3 leaves of 
NC-5260 and the lowest in the LPI 3 leaves of IS-31. The amounts of 
tremulacin in the LPI 3 leaves ranged from 34.6 ±6.8 mg for NC-5260 
to 1.5 ± 1.0 mg for IS-31. A level of 22.1 ± 3.9 mg for NC-5339 was 
the greatest concentration contained in the LPI 12 leaves and 2.4 ± 
1.2 mg for IS-31 was the least. 
Comparisons of the concentrations of each of the glycosides 
among the seven clones for both leaf ages were made. The salicin 
level in the LPI 3 leaves of NC-5263 was significantly greater than the 
amounts in the other clones. The concentration in NC-5339 was so 
low that it varied significantly from the concentrations of salicin in 
NC-5263 and NC-5334. Salicin amounts in the LPI 3 leaves of the 
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other clones (NC-5264, NC-5322. NC-5260, and IS-31) did not differ 
significantly from each other or from NC-5339. 
The LPI 12 leaves produced similar results in the variation of 
salicin concentrations among the clones. Analyses showed that the 
salicin level in NC-5263 was significantly higher than the amount in 
the other clones. The other six clones had salicin concentrations that 
were statistically similar. 
The concentrations of salicortin in the LPI 3 leaves of NC-5263 
and NC-5339 were significantly different from each other. The 
amounts of salicortin found in the other six clones did not vary 
significantly from either NC-5263 or NC-5339 concentrations. 
Salicortin amounts in the LPI 12 leaves exhibited more variation 
among the clones. The concentrations for NC-5263, NC-5334, and 
NC-5264 did not differ significantly. The level in NC-5263, however, 
was significantly higher than the salicortin amounts in NC-5260, NC-
5322. NC-5339, and IS-31. 
The concentration of tremulacin in the LPI 3 leaves of NC-5260 
was significantly higher than the amounts detected in NC-5264, NC-
5334, and IS-31. Comparisons among the other clones showed no 
statistical differences in the amounts of tremulacin. 
The level of tremulacin in the LPI 12 leaves of NC-5339 varied 
significantly from the amounts in NC-5264, NC-5322, NC-5334, and 
IS-31. The other clones, NC-5260 and NC-5263, had amounts of 
tremulacin that were statistically similar to NC-5339. 
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DISCUSSION 
Previous researchers have reported that phenolic glycoside 
concentrations in salicaceous plants vary with leaf age (Palo 1984) and 
are generally higher in the younger leaves of some selections (Rowell-
Rahier 1984a, Lindroth et al. 1987a, Pasteels et al. 1988a). Greater 
amounts of salicin were reported for younger leaves of select Salix and 
Populus as compared to older leaves (Rowell-Rahier 1984a, Lindroth 
et al. 1987a, Meyer & Montgomery 1987). The results from another 
HPLC study of P. deltoïdes. P. tremuloides. and P. grandidentata leaves 
showed that the concentrations of salicin, salicortin, and tremulacin 
were higher in the youngest leaf on a stem than in the next four older 
leaves (Lindroth et al. 1987a). Higher levels of these phenolic 
glycosides in the young foliage suggests that they may serve as 
qualitative defense chemicals that function to protect the immature 
foliage from defoliators (Feeny 1976, Lindroth et al. 1987a). 
Among the three phenolic glycosides investigated, salicortin 
concentrations were the highest in both leaf age classes. These 
results confirm an earlier study that suggested that the foliar 
concentrations of salicortin are greater than those of either salicin or 
tremulacin in P. tremuloides. P. grandidentata. and a native P. 
deltoides (Lindroth et al. 1987a). Similar results were reported for P. 
trichocarpa Torr. and Gray, and P. balsamifera subcordata Hylander 
(Thieme & Benecke 1971). 
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Except for IS-31 (100% Aigeiros), clones from both the Aigeiros 
and Tachamahaca sections contained higher concentrations of 
salicortin in both leaf age classes than the levels found in the Leuce 
hybrid, NC-5339. These data contrast with a previous investigation in 
which the concentrations of salicortin in Populus from the Leuce 
section were higher than those found in a selection from the Aigeiros 
section (Lindroth et al. 1987a). This discrepancy could be caused by 
differences in either the growing conditions, or in the age of the 
trees, or in the age of the leaves, or in differences among Populus 
selections (Palo 1984). 
Low levels of salicin in the LPI 3 and LPI 12 leaves of NC-5339 
(100% Leuce parentage) support earlier findings. The young foliage of 
field grown £. grandidentata (100% Leuce parentage) contained only a 
small amount of salicin (1.2 ± 0.1 mg/g dry leaf tissue) (Lindroth & 
Pajutee 1987). 
The lowest level of tremulacin was detected in the LPI 3 leaves 
of IS-31, a native cottonwood with 100% Aigeiros parentage. Other 
Populus from the Aigeiros section (NC-5264 and NC-5322) had 
moderately high concentrations of tremulacin in their younger leaves. 
Previously, tremulacin was not found in the foliage of a P. deltoides 
selection (Lindroth et al. 1987a). 
The phenolic glycoside profiles of selected Salix may be species-
specific (Julkunen-Tiitto 1985b, 1989). The significant interclonal 
variations in the concentrations of salicin, salicortin, and tremulacin 
suggest that this may also be the case for selected Populus. 
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Relationships between the foliar concentrations of salicin, 
salicortin, and tremulacin and the feeding and oviposition preferences 
of adult Cottonwood leaf beetles were examined (Table 4). By using 
the data obtained from multiple-choice tests, feeding preferences for 
the clones (with the exception of NC-5339) were established 
according to the total amount of leaf tissue eaten from the LPI 3 leaves 
of each clone. Oviposition preferences were determined on the basis 
of the total number of egg masses deposited on all leaves of each clone. 
Using these guidelines, NC-5334 and NC-5364 were the most 
preferred clones for both behaviors. The Leuce hybrid, NC-5339, was 
considered to be a resistant, nonhost Populus based on the preference 
studies performed by other researchers (Caldbeck et al. 1978, Wilson 
1979, Harrell 1980, Haugen 1985). 
Some generalizations can be drawn from comparisons among the 
glycoside concentrations and the feeding and oviposition preferences 
(Table 4). The most preferred clones for both behaviors, NC-5334, 
and NC-5264, contained moderately high levels of both salicin and 
salicortin. A clone that was not preferred for feeding or oviposition, 
NC-5263, contained levels of salicin and salicortin that were 
significantly higher than those found in the two most preferred 
clones, NC-5334 and NC-5264. The concentration of salicin in the 
LPI 3 leaves of NC-5263 was nearly twice as large as in the most 
preferred clone for feeding, NC-5334, and varied significantly from 
salicin levels in all other clones. Another less preferred clone, NC-
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Table 4. Comparisons of the concentrations (In the LPI 3 leaves) of 
sallcln, sallcortln, and tremulacln among the clones 
(highest to lowest levels) and the feeding and oviposition 
preferences of adult cottonwood leaf beetles (most 
preferred to least preferred) 
Salicin Salicortin Tremulacln Feeding Oviposition 
Preference^ Preference^ 
5263 5263 5260 5334 5264 
5334 5334 5322 5264 5334 
5264 5264 5339 5322 5322 
5322 5260 5263 IS-31 IS-31 
5260 5322 5264 5260 5263 
IS 31 IS-31 5334 5263 5260 
5339 5339 IS-31 5339 5339 
acione NC-5339 was not used in the feeding and oviposition 
tests. 
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5260, contained salicin and salicortin in amounts similar to those of 
the most preferred clones. 
The nonhost, NC-5339, contained the lowest levels of salicin 
and salicortin. The salicin amount in the LPI 3 leaves of NC-5334 was 
30 times higher than the concentration found in the LPI 3 leaves of 
NC-5339. This low salicortin concentration in NC-5339 leaves does 
not agree with the results of a previous study in which the levels of 
salicortin were higher in Populus from the Leuce section than the 
Aigeiros section (Lindroth et al. 1987a). Our analyses found a mean 
amount 37.8 ± 6.5 mg/g diy leaf tissue in NC-5339 but the Wisconsin 
researchers reported a mean level of 84.8 ± 1.1 mg/g dry leaf tissue 
for P. tremuloides and 78.0 ±1.0 mg/g dry leaf tissue for P. 
grandldentata (Lindroth and Pajutee 1987). The discrepancy may be 
explained by differences in the age of the leaves analyzed, the age of 
the trees, the growing conditions of the trees, and the phenolic 
glycoside profiles of different Populus selections. A high degree of 
variation in salicortin amounts could be attributed to the growing 
conditions of the trees. The Wisconsin study used field grown trees 
and it has been established that both the quality and quantity of 
phenolic glycosides show variation because of many factors, including 
growing conditions (Palo 1984). 
An assessment of the relationship between tremulacin 
concentrations and feeding and oviposition preferences suggests a 
negative correlation. The most preferred clones, NC-5334 and NC-
5264, contained low amounts of tremulacin that were significantly 
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different from those of NC-5260, NC-5322, and NC-5339. One of the 
less preferred clones, NC-5260, had the highest level but it was not 
significantly different from those of NC-5322, a moderately preferred 
clone, and NC-5339, the nonhost Leuce hybrid. 
In general, LPI 3 leaves of the most preferred clones for feeding 
and oviposition had high concentrations of salicin and salicortin but 
low amounts of tremulacin. Some less preferred clones, however, 
contained amounts of salicin, salicortin, and tremulacin that were 
similar to those of the most preferred clones. The least preferred 
clone for feeding had the highest levels of salicin and salicortin but the 
level of tremulacin was similar to the amounts in the most preferred 
clones. The nonhost, NC-5339, had low levels of salicin and salicortin, 
but a higher concentration of tremulacin than the preferred clones. 
These results suggest that extremely high amounts of salicin 
and/or salicortin may adversely affect host selection behavior.for 
feeding and oviposition. The adverse and toxic effects of phenolic 
glycosides on nonadapted phytophagous insects has been examined. 
The larval growth rates of the large aspen tortix, Choristoneura 
conflictana (Walker) were reduced when fed quaking aspen leaves with 
a high concentration of phenolic glycosides (Bryant et al. 1987). 
Salicortin and tremulacin had deleterious effects on the larvae of the 
eastern swallowtail butterfly, P. g. glaucus (Lindroth et al. 1988a, 
1988b, Lindroth 1989). The performance of the aspen-adapted 
swallowtail, £. g. canadensis, however, was not decreased significantly 
by salicortin or tremulacin (Lindroth et al. 1988a, 1988b). The 
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tolerance to the compounds exhibited by this species Is apparently 
caused by the activity of midgut esterases that mediate the 
detoxification process (Lindroth 1989). Tremulacin also was toxic to 
P. glaucus subspecies, hybrids, and backcrosses. but wide variation in 
the degree of toxicity was observed (Scrlber et al. 1989). In addition, 
salicortin and tremulacin reduced the growth rate of southern 
armyworm larvae, S- eridania by causing lesions in the midgut tissues 
(Lindroth & Peterson 1988). It also has been suggested that the 
presence of salicortin and tremulacin in the foliage of Populus from 
the Leuce section may contribute to their resistance to the 
Cottonwood leaf beetle (Lindroth et al. 1987a). 
Feeding and oviposition behavior may be affected by tremulacin 
concentrations in some clones, but it is highly probable that other 
foliar characteristics are involved. The less preferred clones, NC-
5263 and NC-5260, and the nonhost, NC-5339, contained more 
tremulacin than the most preferred clones. The resistance exhibited 
by NC-5263 and NC-5260, however, may be a result of other chemical 
and physical characteristics. Both NC-5263 and NC-5260 are of P. 
balsamifera L. parentage and are characterized by resins and aromatic 
chemicals on their immature foliage that may provide negative 
chemical cues for the beetles. The concentration of resins may be 
high enough to overwhelm the chemoreceptive system and interrupt 
host selection behavior. In addition, the sticky resins also could 
constitute a physical barrier for both feeding and oviposition. 
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The nonhost, NC-5339, may not contain adequate amounts of 
sallcln and salicortln to stimulate host acceptance. It has been 
suggested that there is a close relationship between chrysomelid 
species that secrete salicylaldehyde and phenolic glycosides in the 
foliage of their salicaceous hosts (Wallace & Blum 1969, Deroe & 
Pasteels 1982, Rowell-Rahier 1984a, Smiley et al. 1985, Tahvanainen 
et al. 1985, Denno et al. 1990). In general, the feeding and oviposition 
patterns of some leaf beetle species have been directly related to the 
phenolic glycosides in the leaves of their host plants (Rowell-Rahier 
1984a, Tahvanainen et al. 1985, Smiley et al. 1985, Denno et al. 
1990). Adults of other chysomelid species preferentially select for 
feeding species of Salix with moderate to high levels of salicin 
(Tahvanainen et al. 1985). In addition, the oviposition preferences of 
some chrysomelids may be correlated with the salicin concentrations 
in their host plants. The leaf beetle, G. lineola. preferentially oviposits 
on Salix with high salicin contents (Denno et al. 1990). This 
preference may be attributed to the higher success of subsequent 
larvae that have a source of salicin as a precursor for their defensive 
chemical, salicylaldehyde (Denno et al. 1990). 
The low concentrations of salicin in the foliage of NC-5339 may 
account for some of the resistance of this hybrid to adult cottonwood 
leaf beetle feeding and oviposition. The presence of a dense mat of 
trichomes on the foliage surfaces, however, probably contributes to the 
nonhost status of this Leuce selection. 
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GENERAL SUMMARY 
The Cottonwood leaf beetle Is considered to be one of the more 
serious defoliators of plantation Populus (Burkot and Benjamin 1979, 
Wilson 1979, Harrell 1980). This beetle is an endemic species and 
does not cause severe damage in natural stands of Populus. but the 
nature of a short rotation woody crops planting may predispose the 
plantation to pest problems (Dickmann and Stuart 1983). The 
potential for severe damage is especially high in the establishment 
period (the first 1 to 3 y) of the plantation. Current practices for 
population suppression of this pest rely heavily on the use of 
insecticides. The use of chemical control means, however, has 
distinct disadvantages. 
The use of Populus that exhibit a degree of resistance to the 
Cottonwood leaf beetle is a valid means of decreasing the need for 
pesticides. Previous field and laboratory preference studies have 
identified some Populus with natural resistance (Caldbeck et al. 1978, 
Wilson 1979, Harrell 1980, Harrell et al. 1981, Moore and Wilson 
1983, Haugen 1985). The host selection behavior of this beetle, 
however, has not been determined in detail so screening for 
resistance in new Populus selections is difficult. 
My research was designed to help clarify the host selection 
behavior of adult beetles among Populus clones and leaf age classes. 
Feeding and oviposition preference studies were conducted under 
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controlled conditions to establish preferences among Populus clones 
and leaf age classes. The data from these trials show that adult beetles 
preferentially select specific clones for feeding and oviposition. 
Preferences also were indicated for specific leaf age classes for both 
behaviors. 
The relationship of feeding damage and leaf age class can be 
explained by a quadratic model. The amount of feeding damage 
increases according leaf age up to a maximum that occurs at the most 
preferred leaf age class. The amount of feeding damage also was 
positively correlated with the occurrence of egg masses. 
The clonal and leaf age preferences for feeding and for 
oviposition were nearly identical. This suggests that the beetles may 
be responding to the same set of stimuli for both behaviors. 
Oviposition preferences also may be Influenced by factors originating 
from tissues damaged by feeding or by physical and chemical cues 
from conspecifics. 
Chemical stimuli from the leaf tissues may be from secondary 
plant substances. The major type found in Populus is the phenolic 
glycosides (Palo 1984). One of these chemicals, salicin, is used by 
Cottonwood leaf beetle larvae in the manufacture of a defensive 
secretion, salicylaldehyde (Wallace and Blum 1969). It has been 
established for other salicaceous-feeding chiysomelids that host 
selection is directly affected by the presence and concentration of 
salicin and other phenolic glycosides in host tissues. 
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I conducted the high performance liquid chromatography 
examination of selected phenolic glycosides to determine their role in 
host selection behavior. The data did not indicate any direct 
correlations but some general trends were suggested. The most 
preferred clones for both feeding and oviposition contained moderate 
to high concentrations of salicin and salicortin and low levels of 
tremulacin in the most preferred leaf age class. Salicin and salicortin 
may act as positive stimuli for host selection while tremulacin may 
provide a negative cue. 
Host selection behavior of the cottonwood leaf beetle may be 
influenced by the presence of phenolic glycosides in their host leaf 
tissue. Because salicin is required for the synthesis of the defensive 
chemical, the concentration of this substance may affect host selection 
behavior. 
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